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Abstract
This thesis investigates the evolution of massive galaxies throughout the last 11 bil-
lion years using measured stellar masses and star formation rates. Firstly, we present
a study of the resolved star-forming properties of a sample of distant massive (M >
1011M⊙) galaxies in the GOODS NICMOS Survey (GNS) within the redshift range
1.5 < z < 3 in order to measure the spatial location of ongoing star formation (SF).
We find that the SFRs present in different regions of a galaxy reflect the already exis-
tent stellar mass density, i.e. high density regions have higher SFRs than lower density
regions, on average. We find that these massive galaxies fall into three broad classifi-
cations of SF distributions. These different SF distributions increase the effective radii
to z = 0, by ∼ 16 ± 5%, with little change in the Se´rsic index (n), with an average
∆n = −0.9±0.9, after evolution. These results are not in agreement with the observed
change in the effective radius and n between z ∼ 2.5 and z ∼ 0. We conclude that
SF and stellar migration alone cannot account for the observed change in structural pa-
rameters for this galaxy population, implying that other mechanisms must additionally
be at work to produce the evolution, such as merging.
In Chapter 2, we present a study of the stellar mass growth of the progenitors of local
massive galaxies at number densities of n ≤ 1 × 10−4Mpc−3 in the redshift range
0.3 < z < 3.0. We select the progenitors of massive galaxies using two number
density selection techniques: a constant number density selection, and one which is
adjusted to account for major mergers. We find that the direct progenitors of massive
galaxies grow by a factor of four in total stellar mass over this redshift range. On
average the stellar mass added via the processes of star formation, major, and minor
mergers account for 23±8%, 17±15% and 35±14%, respectively, of the total galaxy
stellar mass at z = 0.3. Therefore, 52 ± 20% of the total stellar mass in massive
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galaxies at z = 0.3 is created externally to local massive galaxies. We examine the
dominance of these processes across this redshift range and find that at z > 1.5 SF
is the dominant form of stellar mass growth, while at z < 1.5 mergers become the
dominant form with minor mergers the dominant form of growth at z < 1.0. We also
explore the implication of these results on other galaxy formation processes such as
the cold gas accretion rate of the progenitors of most massive galaxies over the same
redshift range. We find that the gas accretion rate decreases with redshift with an
average gas accretion rate of ∼ 65M⊙yr−1 over the redshift range of 1.5 < z < 3.0.
Finally, we investigate the evolution of the properties of local massive galaxies over the
redshift range 0.3 < z < 3.0. We again select the progenitors of local massive galaxies
using a constant number density selection. We find that the average progenitor galaxy
appears passive in UV J colours since at least z = 3.0. We examine the UV J colours
and find that the average progenitor of a local massive galaxy has not lived on the blue
cloud since z = 3.0. The passive fraction of the progenitor population has increased
from 56 ± 7% at z = 3.0 to 94 ± 8% at z = 0.3. This result implies that the majority
of the progenitors of local massive galaxies have stopped actively star forming by
z = 3.0. Examining the structural properties of the progenitor galaxies we show that
the size evolution of a galaxy sample selected this way is on average lower than the
findings of other investigations into the size evolution of massive galaxies which have
found that they must grow in size by a factor of 2 − 4 from redshift 3.0 to the present
day. The average n of the progenitor population evolves significantly over the redshift
range studied, with the population being dominated by low n objects (n < 2.5) at
z > 1.7 and transitioning to high n objects at z < 1.7. Splitting the high and low n
objects into SFing and passive samples. We find that 41± 4% of the sample at z > 2.5
are passive low n systems, possibly implying that local massive galaxies were passive
disk-like systems at early cosmic times.
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Chapter 1
Introduction
The ancient Greeks called them the milky ones, William Herschel called them spiral
nebulae but we know them today as galaxies. The study of galaxies as extragalactic
objects is less than 100 years old. Galaxies were once considered objects contained
within our home galaxy, the Milky Way. In 1925 Edwin Hubble calculated the distance
to an irregular nebula in the constellation of Sagittarius using Cepheid stars, a class of
variable star first reported by Pigott (1784), and showed that the nebula lay far outside
of the Milky Way (Hubble 1925b). Thus he showed that this large nebula was in fact
a neighbouring galaxy. From this our view on the Universe was changed drastically.
No longer were we living in a Universe populated solely by stars and nebulae, but
one where these objects formed into larger individual systems, galaxies. With the
discovery that our Galaxy was not unique in its existence, fundamental questions about
the Universe needed to be answered, such as how did these objects form and evolve?
1.1 Cosmology and Galaxy Formation
Our Universe is governed by its cosmology. The currently accepted form of cosmology
is that the Universe is made up of roughly 71% dark energy, 25% dark matter and 4%
baryonic matter (results from Planck space experiment, Ade et al. 2013 ). The largest
component of the Universe, dark energy, is thought to be responsible for accelerating
the expansion of the Universe but it is not well understood. Dark matter, initially
posited by Zwicky (1933), is also not well understood but its effects can be observed
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via gravitational lenses and galaxy rotation curves (Rubin, Thonnard & Ford 1978).
The baryonic matter that makes up us, planets, stars and galaxies accounts for a small
percentage of the total energy budget of the Universe, but this is what we can directly
observe.
Although we do not fully understand what the dark components of our Universe consist
of we can begin to understand their role in shaping the galaxies we see today. The
current paradigm for galaxy formation and evolution is the ΛCDM model. This model
incorporates dark energy, Λ, and cold dark matter, CDM. Cold dark matter is dark
matter that moves at non relativistic speeds.
In this model of the Universe, galaxies form within larger dark matter haloes that dom-
inate over the total mass and extent of the galaxy. These dark matter haloes begin
forming by collapsing under self gravity out the non-uniform dark matter distribution
present in the early universe (Peebles 1980). This non-uniform distribution can be seen
in the Cosmic Microwave Background (CMB, Figure 1.1). These small seeds of struc-
ture build-up their mass over time via merging with other dark matter haloes (Lacey
& Cole 1993a). This process is called hierarchical assembly, where the smallest ob-
jects form first and build up into more massive objects (White & Rees 1978). Over
the last couple of decades computer simulations of this process have shown that this
model of the growth of structure produces a universe much like the one we live in (e.g
Millennium simulation, Springel et al. 2005, Figure 1.2). Along with the build up of
the dark matter haloes the baryonic matter is also building at the centre of the haloes
under the influence of gravity. The baryonic matter in the form of hydrogen, helium,
and few heavier elements cools over time to form molecular clouds within which stars
are formed and the first galaxies are created.
1.2 Bimodality of Galaxies
A clear bimodality is seen in the galaxies of the Universe. This indicates that although
we understand the basic idea of how stars form into galaxies the individual evolutionary
paths are different, and it is important to understand these differences. I explore this
bimodality in the following sections.
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Figure 1.1: The Planck space mission map of the Cosmic Microwave Back-
ground (CMB) seen over the full sky. Credit to ESA and the Planck Collaboration
http://www.esa.int/spaceinimages/Images/2013/03/Planck CMB
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Figure 1.2: Snapshots of the N-body dark matter Millennium simulation (Springel et al. 2005).
All taken at z = 0.0 showing the filamentary structure of the large scale structure of the Universe.
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1.2.1 Morphology
Hubble (1925a) visually inspected and classified the shapes of 400 galaxies into his
famous ”tuning fork” diagram (Figure 1.3 shows an updated version of the classifica-
tion scheme). This classification scheme was based on the visual morphology of the
galaxies; E corresponding to galaxies that appeared round and featureless, and S cor-
responding to galaxies that appeared disk like with spiral features. Hubble showed that
almost all galaxies in the local Universe fall into these two broad categories.
Galaxy morphologies can also be determined using computational methods. Se´rsic
(1968) parametrised the general light profile of galaxies where the intensity, I , follows
the relation:
I(r) = Ieff × exp
(
−κ
[(
r
Reff
)1/n
− 1
])
(1.1)
where Reff is the effective radius, that is that radius that contains half of the galaxy’s
total light, a proxy for the size of a galaxy; Ieff is that intensity at the effective radius; n
is the Se´rsic index; κ is a function of the Se´rsic index that takes the form of 1.992×n−
0.3271. The Se´rsic index parameter of this relation indicates the geometrical shape of
the light profile and, in general, the morphology. Figure 1.4 shows galaxy light profiles
based on a range of Se´rsic indices. Studies (e.g. Bell et al. 2004, Ravindranath et al.
2004, Nair & Abraham 2010, Buitrago et al. 2013, Mortlock et al. 2013) have shown
that galaxies with light profiles best fit by a high Se´rsic index, n > 2.5 often have an
elliptical morphology whereas galaxies best fit by a low Se´rsic index, n < 2.5, have a
disk/spiral morphology.
From Figure 1.3 we notice that by arranging the galaxies in this fashion there is an
apparent trend with morphology and galaxy colour, with the round elliptical galaxies
having redder colours than the disky spiral galaxies (e.g. Strateva et al. 2001, Blanton
et al. 2003, Wolf, Gray & Meisenheimer 2005). We discuss galaxy colour in the next
section.
1.2.2 Galaxy Colour
Galaxy colours are defined as the difference between the magnitude of a galaxy in two
wavelength bands. There exists a bimodality in the distribution of galaxy colours in
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Figure 1.3: The Hubble Tuning fork. The galaxies shown are g, r, i colour composite images from
the Sloan Digital Sky Survey (SDSS, York et al. 2000) and have been classified by the Galaxy Zoo
project (Lintott et al. 2008). Credit to Karen L. Masters.
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Figure 1.4: The Se´rsic profile form given in Equation 1.1, where effective radius and intensity at
the effective radius are fixed. http://users.obs.carnegiescience.edu/peng/work/galfit/README.pdf
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Figure 1.5: Left panel: The histogram of g − r colours of galaxies for the SDSS which shows a
clear bimodality. Right panel: The colour magnitude diagram for the same galaxies. Galaxies with
red g − r colours appear to have a tight correlation with their magnitude and lie on the so called
”red sequence”. Galaxies with blue g − r colours lie in a diffuse region called the ”blue cloud”.
Figure adapted from Blanton et al. 2003)
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the Universe (e.g. Strateva et al. 2001, Blanton et al. 2003, Kauffmann et al. 2003). In
the left hand panel of Figure 1.5 we see the bimodal distribution for galaxies within the
Sloan Digital Sky Survey (SDSS) in g − r colour. The right hand panel of Figure 1.5
shows how the g−r colour correlates with i band magnitude. Galaxies with red colours
follow a tight correlation between colour and magnitude. This is known as the “red
sequence”. Galaxies with blue colours have a weaker correlation between colour and
magnitude and lie in the region known as the “blue cloud”. These colours arise from
the stellar populations present within the galaxy. Galaxies that appear blue in optical
colours host many hot, high mass stars (stellar types O,B). Even though these stars are
rare they are brighter than the more numerous cooler, redder, lower mass stars. This
gives the galaxy the appearance of a blue colour. As these high mass stars only exist on
the stellar main sequence for short, 10s of Myr lifetimes, their presence indicates that
there has been recent star formation within the galaxy. If a galaxy ceases to form stars
the final generation of high mass stars evolve off the stellar main sequence in relatively
short time-scales. This leaves behind the lower mass, cooler stars with redder colours
and longer stellar main sequence lifetimes. Therefore, galaxies have redder colours the
longer they remain non star forming or quiescent. Therefore, the bimodality in galaxy
colour is a gauge of the star forming properties of the galaxy population.
1.3 Star Formation
The rate of ongoing star formation is one of the most fundamental properties of any
given galaxy. This property appears to be linked to many of the other attributes a galaxy
can possess, such as colour, morphology, and also stellar mass. The star formation rate
of a galaxy shows a strong trend with stellar mass, with higher mass galaxies hosting
larger amounts of star formation. Galaxies that fall upon this trend are said to be on
the star formation main sequence. Non star forming galaxies fall below this trend and
galaxies undergoing a large burst of star formation lie above. Figure 1.6 from Daddi
et al. (2007) shows this trend over a large range of redshifts. Daddi et al. (2007) and
Noeske et al. (2007) also showed that the star formation main sequence undergoes
significant evolution with redshift, such that galaxies of equal mass were more highly
star forming at earlier cosmic times. This is reflected in the star formation history of
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the Universe, shown in Figure 1.7 from Hopkins & Beacom (2006), which also shows
that the Universe was more highly star forming at earlier cosmic times. How do we
measure the star formation rate (SFR) within a varied population of galaxies and in a
consistent manner over cosmic time?
1.3.1 Detecting Star Formation
The past decade has witnessed a wide range of new observational information on star
formation thanks to the Galaxy Evolution Explorer, the Spitzer Space Telescope, the
Herschel Space Observatory, and the Hubble Space Telescope among others. Cali-
bration of SFR indicators range across the full electromagnetic spectrum, from the
Ultraviolet to Radio wavelengths (see Kennicutt 1998a). In the following subsections
we describe a few of the SFR indicators for unresolved systems, as this is the type of
system this thesis will be focused on. All of these observable quantities depend on the
presence of high mass stars (Mstar > 3M⊙), as these are a transient population that
trace the current SFR. Although lower mass stars are more abundant than high mass
stars they cannot be directly measured in these methods. To correct for this issue we
need to relate the relative abundances of high to low mass stars using an Initial Mass
Function (IMF). Figure 1.8 shows many different IMF models used in various stud-
ies. In this thesis I will only be considering the Salpeter (Salpeter 1955) and Chabrier
(Chabrier 2003) IMF models.
1.3.1.1 Direct Stellar Light
The youngest stellar populations emit the bulk of their energy in the rest frame UV
(< 0.3µm). This wavelength probes the star formation in galaxies on time-scales of
100s of Myr. However, the UV radiation is highly attenuated by dust in the line of
sight. Therefore, in most cases to calculate the correct SFR present in a galaxy the
observed UV luminosity requires a correction for energy lost due to dust absorption.
For a Chabrier IMF the UV stellar continuum can be converted to a SFR via Kennicutt
(1998a) as:
SFRUV = 7.7× 10−44νLν (1.2)
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a)                                                                                            b)
Figure 1.6: The stellar mass-SFR correlation for star forming galaxies over the redshift range of
0.1 < z < 2.0. The points show star forming galaxies at z = 2.0. The dark blue line is the best
fit to these galaxies. The cyan solid lines are the z = 1 and z = 0.1 correlations taken from Elbaz
et al. (2007). The green squares for the result of the average SFR-mass relation determined from
radio stacking of K ¡20.5 galaxies in GOODS-N. Figure from Daddi et al. (2007).
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Figure 1.7: The evolution of the star formation density with redshift. This figure shows the peak
of the SFR of the Universe at z∼ 2. The Figure is a collection of results from Hopkins & Beacom
(2006) and references within.
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Figure 1.8: A complied diagram of IMF’s used in astronomy. Collected from Salpeter (1955) eq.
5; Miller & Scalo (1979) table 7; Kennicutt (1983) section V; Scalo (1986) table; Kroupa, Tout
& Gilmore (1993) eq. 13; Kroupa (2001) eq. 2; Baldry & Glazebrook (2003) abstract; Chabrier
(2003) table 1. Figure credit to Ivan Baldry
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with SFRUV in M⊙yr−1, ν is the frequency in Hertz, and Lν is the luminoisty in
erg/s. Correcting this luminosity for dust is not a trivial matter. Meurer, Heckman
& Calzetti (1999) found a correlation between dust attenuation and the shape of the
UV continuum for local starburst galaxies. Using these results the unattenuated UV
luminosity can be obtained. See Sections 2.2.5 and 3.2.5.2 for a full description of this
technique.
1.3.1.2 Ionised Gas
The UV flux emitted via the O and B type stars can ionise (with radiation at < 912 A˚)
their local neutral hydrogen environments. This then in turn produces the Hydrogen re-
combination line emissions, including the well known Balmer lines of Hα (0.6563µm)
and Hβ (0.4861µm). These strong spectral lines can be directly related and converted
to the ongoing star formation activity on similar time-scales as SFRs measured from
UV luminosities. Using Osterbrock & Ferland (2006) and a Chabrier IMF the strength
of the Hα line can be converted to a SFR via:
SFRHα = 5.5× 10−54LHα (1.3)
with SFRHα in M⊙yr−1 and LHα is in erg/s.
1.3.1.3 Dust Processed Stellar Light
As stated before, dust absorbs UV radiation very efficiently then in turn this energy
is re-radiated at infra-red (IR) wavelengths (5 − 1000µm). The thermal IR spectrum
of a galaxy will depend on the underlying stellar population i.e. hot young stars will
heat the dust to a higher mean temperature than an old stellar population (e.g. Helou
1986). Thus, qualitatively, the dust heated by UV-luminous, young stellar populations
will produce an IR SED that is more luminous and peaked at shorter wavelengths
(∼ 60µm) than the dust heated by UV faint, old or low-mass stars (∼ 100− 150µm).
This is the foundation for using IR emission as a SFR indicator. The full bolometric
IR emission can be converted to a SFR using:
SFRIR,bol = 2.5× 10−44LIR,bol (1.4)
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with SFRIR,bol in M⊙yr−1 and LIR,bol in erg/s. As this method examines the emission
of UV heated dust it can be used in conjunction with the UV luminosity methods to
form a complete observable SFR measure i.e. SFRUV,uncorr+SFRIR,bol = SFRtotal.
With the SFRUV,uncorr being the SFR derived from the undustcorreced UV luminosity.
In the far infra-red there are monochromatic methods for deriving SFRs (e.g 24µm).
However, these methods require other properties of the host galaxy to be known to
fully calibrate their conversion factors. These properties include; metal abundance (e.g.
Marble et al. 2010); the presence of polycyclic aromatic hydrocarbons (e.g. Peeters
et al. 2004) and dust heating from different stellar populations (e.g. Crocker et al.
2013).
1.3.1.4 Other Methods
Star formation in galaxies can also be probed via synchrotron radio and X-ray emis-
sion. In the case of synchrotron emission, the basic mechanism is the production and
acceleration of electrons in supernova explosions. As the rate of supernovae is directly
related to the SFR in theory the radio synchrotron luminosity will act as a proxy for
the SFR. However, using this method as a proxy is complicated as the synchrotron
luminosity is highly affected by the mean electron production per supernova and the
galaxy’s magnetic field, which are uncertain (e.g. Rybicki & Lightman 2004). There
also exists a correlation between a galaxy’s IR and radio emission (e.g. Yun, Reddy
& Condon 2001). Therefore, since the IR is correlated with both the SFR and radio
emission the radio SFR calibration can be derived empirically (e.g. Murphy et al.
2011).
A similarly indirect relation exists between SFR and X-ray luminosity. Supernovae and
high mass X-ray binaries produced via recent star formation produce a large fraction
of the X-ray luminosity of a star forming galaxy. Due to the difficulty of establishing
the frequency and intrinsic luminosity of these X-ray sources the SFR again has to be
derived empirically (e.g. Mineo, Gilfanov & Sunyaev 2012).
All of the above methods give us insight into the rate new stars are being created. How-
ever, a feature of the bimodality of galaxies is that there is a population that contains
little to no star formation. This poses the question, why do galaxies stop forming stars?
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1.3.2 Quenching Star Formation
The fundamental way to stop forming stars is to remove the cold dense hydrogen
gas present within the galactic interstellar medium (ISM). The loss or heating of the
ISM can be accomplished by many different processes. The possible mechanisms for
quenching the star formation can be divided into two broad categories: internal pro-
cesses and external processes. Below I briefly outline the quenching processes.
1.3.2.1 Internal Processes
In order to expel or heat a significant amount of gas from a galaxy a large amount of
energy is required. Active galactic nuclei (AGN) and supernova are two mechanisms
that output huge quantities of energy into their environments.
Many supernovae occurring within a star forming galaxy are able to ionise large re-
gions of gas. This outburst of energy into the surrounding gas also drives outflows
that are able to entrain and remove large amounts of gas from a low mass galaxy. We
see evidence of this occurring with high velocity gas outflows measured in highly star
forming galaxies with young stellar populations (e.g. Bradshaw et al. 2013).
AGN have been shown to produce enough energy to remove gas from the most massive
galaxies and keep this gas from cooling and falling back onto the host galaxy (e.g. Silk
& Rees 1998). Though, how this energy couples to the cold gas is unclear. AGN could
drive strong winds in excess of what is observed from supernovae (e.g. Fabian 1999)
or shock heat the gas and prevent it from cooling (e.g. Fabian et al. 2006). Evidence
has been found that both of these processes may be at work. Tremonti, Moustakas &
Diamond-Stanic (2007) observed high velocity, possibly AGN driven, outflows from
post star-burst galaxies, and Fabian et al. (2006) found shocks within the inter-cluster
medium of the Perseus cluster caused by radio lobe cavities created by the central
AGN.
Recent work on galaxy formation models predict that the dark matter halo in which
the galaxy resides can also be responsible for the quenching of star formation (Croton
et al. 2006, Dekel, Sari & Ceverino 2009, Feldmann et al. 2010). These models predict
that as the dark matter halo grows in mass its virial temperature increases and the halo
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is able to create and maintain a hot gas medium surrounding the galaxy. This hot gas
halo shock heats any cold gas infalling onto the system and therefore stops it from
forming stars. This so called hot halo model predicts that galaxies residing within high
mass dark matter haloes will be starved of cold gas and in turn star formation is halted.
1.3.2.2 External Processes
Over the course of a galaxy’s lifetime it can come into contact with external objects
and forces that have the ability to remove the cold gas and quench the ongoing star
formation. The processes are most prevalent in galaxy cluster environments.
When a star forming gas rich galaxy enters a galaxy cluster environment, it begins to
interact with the inter cluster medium (ICM). As the galaxy falls into the cluster the
ICM exerts a pressure on to the ISM and, over time removes the cold gas from the
system (Gunn & Gott 1972). This is known as ram pressure stripping. Many exam-
ples have been observed of galaxies that are undergoing this processes (e.g. Ebeling,
Stephenson & Edge 2014 and references within). In large galaxy clusters the ICM
is a hot X-ray emitting gas. When a galaxy falls into this environment and becomes
embedded in the ICM, the IGM can be heated up and therefore cause cold gas loss by
thermal evaporation (Cowie & Songaila 1977).
Galaxy interactions can also cause both an enhancement and a truncation of the SFR. A
merger between galaxies can compress the ISM in both galaxies and enhance the SFR’s
of both galaxies. However, this enhancement may be short lived due to exhausting
their cold gas reservoirs maintaining the high SFR (Fujita 1998), an enhancement in
the supernova rate or the merger event triggering AGN activity. These processes can
heat up and expel the remaining cold gas (e.g. Hopkins et al. 2008).
1.4 Massive Galaxies and High Redshift
Hereafter, we will refer to massive galaxies as those with M∗ ≥ 1011M⊙. Massive
galaxies are thought to be formed in the high density peaks of the mass distribution
in the early Universe. They are often the most luminous galaxies at all redshifts due
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to their large stellar mass component, and therefore observable over a large range of
cosmic time. This makes them an excellent probe for investigating galaxy formation.
The population of local massive galaxies tend to have elliptical morphologies, high
Se´rsic indices, large sizes, low star formation rates, live in high density environments,
have old stellar ages, and populate the massive end of the tight red sequence (e.g.
Bower, Lucey & Ellis 1992, Kauffmann et al. 2003, Shen et al. 2003, Kauffmann et al.
2004, Gallazzi et al. 2005, Nelan et al. 2005, Baldry et al. 2006, Gallazzi et al. 2006,
Quadri et al. 2007 Buitrago et al. 2013, Mortlock et al. 2013). These galaxies although
massive are already in place at early cosmic times (e.g. Mortlock et al. 2011), however,
they are not the homogeneous population we observe in the local universe.
Massive galaxies at high redshift, z > 2.0, have been found to be highly star forming,
have low Se´rsic indices and smaller sizes (e.g. Daddi et al. 2007, Trujillo et al. 2006a,
Bauer et al. 2011, Buitrago et al. 2013). How galaxies have transformed over cosmic
time is an important open question in modern astrophysics.
1.4.1 Size Evolution
In the local universe there exists a correlation between stellar mass and galaxy size,
with the more massive galaxies having larger sizes (e.g. Shen et al. 2003). A major
finding of recent high redshift studies is that passive massive galaxies at z > 1.5 have
significantly smaller sizes and are more compact than local passive massive galaxies.
This was originally reported by Daddi et al. (2005) who showed that massive galaxies
at high redshift are a factor of three smaller than local similar mass. Figure 1.9 shows
the findings of recent work by van der Wel et al. (2014) that explores size evolution
over a wide range of galaxy masses over the redshift range of 0 < z < 3.
Several physical processes have been proposed to explain this strong size evolution
within the massive galaxy population at z < 1.5. These can be divided into two distinct
categories: external or internal processes. External processes that can increase the sizes
of galaxies are gas poor (dry) mergers (e.g. Khochfar & Silk 2006, Naab, Johansson
& Ostriker 2009) and cold gas flows along cosmic web filaments (e.g. Dekel, Sari
& Ceverino 2009, Conselice et al. 2013) adding small amounts of stellar mass to the
outer regions of massive galaxies. Internal processes that can increase the sizes of
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Figure 1.9: The size-stellar mass distribution for star forming and passive galaxies over a range
of redshifts. The colour coding represents the early types (red) and late types (blue). The solid
lines indicate the best fits to both populations. The dashed line in each plot represent fits to the
galaxies in the z = 0.25 redshift bin. The strong evolution in galaxy sizes can clearly be seen in
both populations. Figure from van der Wel et al. (2014)
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galaxies are adiabatic expansion resulting from stellar mass loss and strong AGN-
fuelled feedback (e.g. Fan et al., 2008, 2010, Hopkins et al. 2010, Bluck et al. 2011).
In the AGN feedback scenario the central AGN engine will remove gas from the central
parts of the galaxy, quenching star formation and altering the gravitational potential
within the galaxy’s inner region. This causes the system to relax and undergo adiabatic
expansion resulting in a larger galaxy size.
At the present time there is no clear answer that can fully explain the observed size evo-
lution. Recent works suggest that dry minor mergers could be responsible for this phe-
nomenon, with several works (e.g. Carrasco, Conselice & Trujillo 2010, van Dokkum
et al. 2010, Bluck et al. 2012) finding that the central regions of massive galaxies from
z = 2.2 do not change but witness the development of “wings” in galaxy light pro-
files with decreasing redshift. However, the rate that minor merger events occur over a
galaxy’s lifetime is an unknown, and are there may be other processes contributing to
the size evolution.
1.4.2 Stellar Mass Assembly
An important question in galaxy evolution is how do galaxies build and assemble their
stellar mass. The stellar mass growth of all galaxies is linked by two fundamental
processes: star formation and mergers. By these two processes all galaxies acquire
their stellar mass. Star formation and mergers are known to have increasing importance
as we look back in time (e.g. Madau et al. 1996, Dekel, Sari & Ceverino 2009, Bridge,
Carlberg & Sullivan 2010, Bluck et al. 2011) but how these processes each contribute
to the growth of stellar mass over cosmic time is uncertain.
In the last few decades, much observational effort has been devoted to the depen-
dence of galaxy formation and the assembly of stellar mass. In early studies, Cowie
et al. (1996) showed that the rest frame K-band luminosity (proxy for stellar mass) of
rapidly star forming galaxies declines with redshift. They described this behaviour as
“downsizing”.
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1.4.2.1 Downsizing
Downsizing is a process of galaxy formation where the most massive galaxies fin-
ish forming before lower mass objects. The effect of downsizing can be observed in
the Universe in multiple ways. Firstly, it was observed by Cowie et al. (1996) who
showed that the bright end of the galaxy luminosity function shows very little evolu-
tion between 0 < z < 1.7, whereas the faint end shows a significant evolution. This
finding suggests that the brightest (i.e. most massive) galaxies have finished building
their stellar masses before fainter (lower stellar mass) galaxies. Secondly, it can be
seen in the star formation histories of galaxies (e.g. Heavens et al. 2004). Several stud-
ies have shown that massive galaxies ended their epoch of major star formation before
the general galaxy population (e.g Juneau et al. 2005, Bundy et al. 2006, Daddi et al.
2007). See Fontanot et al. (2009) for a review of the results of downsizing.
The process of downsizing appears to be at odds with the hierarchical growth scenario
where the largest galaxies form last with the “bottom-up” assembly of the dark matter
structures in a ΛCDM Universe. However, the two can be reconciled. Even though
the massive passive galaxies are assembled at z > 1 their host dark matter haloes con-
tinue to grow in mass. They grow in mass via mergers with other dark matter haloes,
however, the galaxies contained within do not merge on the same time scale. The
merger timescale for the most massive haloes are longer than smaller haloes (Binney
& Tremaine 1987) and mergers are rare. This would imply that the host galaxies could
remain separate after the dark matter haloes have merged. Another possible reconcil-
iation is that the massive galaxies undergo dry gas-less mergers. In conjunction with
the hot halo model described previously this would starve a galaxy of fuel for star
formation and hence these galaxies will remain “red and dead”.
The complete picture of the physical processes that drive downsizing is not clear and if
we wish to comprehend this phenomenon we must fully understand the massive galaxy
population and its evolution.
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1.5 Aims of this Thesis
This thesis will try to answer some of the open questions posed by this introduction.
The overarching aim of this thesis is to investigate the evolution of massive galaxies
since z = 3 to the present day, a period of over 11 billion years.
Our first aim is to attempt to explain the observed size evolution with redshift using
the observed distribution of star formation within massive galaxies at high redshift. A
process that has not been looked at in detail is the internal star formation distribution
present within massive galaxies at high redshift, and whether this can account for the
observed structural evolution.
Chapter 2 is a study of the evolution of the structure and size of massive galaxies
via star formation from z = 3 to the present day. This uses data from the GOODS
NICMOS Survey (GNS). In this chapter we also investigate the effect stellar migration
has on the evolution of the light profiles of massive galaxies.
In Chapter 3, we investigate the stellar mass growth of massive galaxies over the red-
shift range of 0.3 < z < 3.0 in the UKIDSS Ultra Deep Survey (UDS). Using new
number density selection techniques we can trace the progenitors of today’s massive
galaxies and explore their stellar mass growth. Using their observed star formation and
major merger histories we can attempt to determine by which processes these galaxies
assemble their mass and at what epochs. In this chapter, we also explore the implica-
tions on these results on the cold gas accretion histories.
In Chapter 4, we further investigate the evolution of the progenitors of today’s massive
galaxies in the UDS. Using our knowledge of the direct progenitors of massive galax-
ies we examine the evolution of their colours, passivity, stellar ages, star formation
histories, structural parameters and their locations on the colour-magnitude diagram.
All of the above chapters are then concluded in Chapter 5.
Chapter 2
Evolution of Massive Galaxy
Structural Properties and Sizes via
Star Formation In the GOODS
NICMOS Survey
2.1 Introduction
One of the least understood aspects of galaxy evolution is the star formation rates in
galaxies and, how these vary across individual galaxies, and influence galaxy proper-
ties. A key way to address galaxy evolution directly is to understand how the nearby
galaxy population was put into place and evolved from higher redshift galaxies, which
we can now observe in near complete mass-selected samples up to z = 3 (e.g. Daddi
et al. 2007; Conselice et al. 2011). One major finding of high redshift studies is that
massive galaxies (M∗ > 1011M⊙) have significantly smaller effective radii than low
redshift galaxies of similar mass (e.g. Daddi et al. 2005; Trujillo et al., 2006a,b, 2007;
Trujillo, Ferreras & de La Rosa, 2011; Buitrago et al., 2008; Cimatti et al. 2008; van
Dokkum et al., 2008, 2010; Franx et al. 2008 ; van der Wel et al. 2008; Damjanov
et al. 2009; Carrasco, Conselice & Trujillo 2010; Newman et al. 2010; Szomoru et al.
2011; Weinzirl et al. 2011).
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Several physical processes have been proposed to explain this strong size evolution
within the massive galaxy population at z < 2. These can be divided into two dis-
tinct categories, external processes such as gas poor (dry) mergers (e.g. Khochfar &
Silk 2006; Naab, Johansson & Ostriker 2009) and cold gas flows along cosmic web
filaments (e.g. Dekel, Sari & Ceverino 2009; Conselice et al. 2013) as a means for
puffing up the stellar components of these massive galaxies, or internal processes such
as adiabatic expansion resulting from stellar mass loss and strong AGN-fuelled feed-
back (e.g. Fan et al., 2008, 2010; Hopkins et al. 2010; Bluck et al. 2011). One process
that has not been looked at in detail is the internal star formation distribution present
within massive galaxies at high redshift, and whether this can account for the observed
structural evolution. This can now be examined due to high resolution data from the
GOODS NICMOS Survey taken with the ACS and NICMOS-3 instruments on the
Hubble Space Telescope (Conselice et al. 2011).
We know that galaxies evolve significantly in stellar mass from observational studies
showing that half of the stellar mass of present day galaxies is already in place by z ∼ 1
(e.g. Brinchmann & Ellis 2000; Drory et al. 2004; Bundy et al. 2006; Pe´rez-Gonza´lez
et al. 2008a; Mortlock et al. 2011). The most massive galaxies (M∗ > 1011M⊙)
appear on average to have red rest-frame colours which we expect to see for galaxies
dominated by old stellar populations (Saracco et al. 2005; Labbe´ et al. 2006; Conselice
et al. 2007; Gru¨tzbauch et al. 2011). However, Bauer et al. (2011) show that ∼ 80%
of these massive red galaxies likely harbour dusty star formation. This star formation
over cosmic time could contribute large amounts of stellar mass to massive galaxies,
and depending on where this mass is created could affect their observable structural
properties as they evolve.
In the merger scenario, estimates for the total number of major mergers experienced
by a massive galaxy on average since z = 3 is Nm = 1.7 ± 0.5 (Bluck et al. 2009).
We explore this more thoroughly in Chapter 3. This would imply an average stellar
mass increase of, at best, a factor of two due to major mergers. However over the
same period of time the effective radius of massive galaxies has increased on aver-
age by a factor of three for disk-like galaxies, and a factor of five for spheroid-like
galaxies, effectively building up stellar mass in the outer regions of galaxies (see e.g.
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Buitrago et al., 2008; Trujillo et al. 2007; Carrasco, Conselice & Trujillo 2010; van
Dokkum et al. 2010). This additional stellar mass could arise from star formation
already present at high redshift within these outer regions.
To date studies have only looked at the total star formation rates of these galaxies
as a whole (e.g. Pe´rez-Gonza´lez et al. 2008a; Cava et al. 2010; van Dokkum et al.
2010; Bauer et al. 2011; Gru¨tzbauch et al. 2011; Hilton et al. 2012), but have not
examined the locations of the star formation within these galaxies. Thus, we combine
the observed stellar mass profiles with the observed star formation profiles of high
redshift massive galaxies in order to measure the effect stellar mass added via star
formation over ∼ 10 Gyr has on different spatial regions, and to the total stellar mass
profile. We also ascertain whether this star formation can account for the observed size
evolution.
Along with size evolution within the massive galaxy population there is also a change
in overall morphology. The present day universe is populated by massive galaxies with
early-type morphologies (e.g. Baldry et al. 2004, Conselice 2006b). At earlier epochs,
z > 1.5, observational studies have found that the massive galaxy population is dom-
inated by galaxies with late-type morphologies (e.g. Buitrago et al. 2013; Cameron
et al. 2011; van der Wel et al. 2011; Weinzirl et al. 2011). This morphological shift
can be seen via a change in Se´rsic index from low values, n . 2.5 denoting a possible
late-type morphology, to high values, n & 2.5 denoting a possible early-type morphol-
ogy. In the hierarchical model of galaxy evolution there are many methods that can
drive morphological evolution. These methods include in situ star formation produc-
ing disk-like systems (e.g. Dekel, Sari & Ceverino 2009; Oser et al. 2010; Ricciardelli
et al. 2010; Wuyts et al. 2010; Bournaud et al. 2011), and/or mergers with satellite
galaxies producing a more spheroid-like system (e.g. Khochfar & Silk 2006; Hopkins
et al. 2009; Feldmann et al. 2010; Oser et al. 2010). We therefore also investigate how
in situ star formation over cosmic time changes the Se´rsic index of the massive galax-
ies, and ascertain whether this process can account for the observed morphological
changes.
This chapter is set out as follows: Section 2.2 discusses the GOODS NICMOS Survey,
the galaxy sample, and how the data used in this chapter was obtained. Section 2.3.1
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examines the stellar mass radial density distributions of the massive galaxies. Section
2.3.2 describes how the stellar mass density added via star formation is calculated.
In Section 2.3.3 we examine the evolved galaxy profiles. Section 2.4.1 presents the
findings of how the structure and size of the massive galaxies is altered by star forma-
tion. In Section 2.4.2 we introduce a simple stellar migration model to the stellar mass
added by star formation in order to gauge the effect this has on structures and sizes.
Section 2.5 and 2.6 contain the discussion and summary of our findings, respectively.
Throughout this chapter we assume ΩM = 0.3, ΩΛ = 0.7 and H0 = 70 km s−1 Mpc−1.
AB magnitudes and a Salpeter IMF are used throughout.
2.2 Data and Analysis
In this section we describe the survey we use in this study, the GOODS NICMOS
Survey (GNS), as well as the measurements of photometric redshifts, stellar masses,
rest-frame colours and star formation rates for our galaxies.
2.2.1 The GOODS NICMOS Survey
The data we use in this chapter is obtained through the GNS. The GNS is a 180 orbit
Hubble Space Telescope survey consisting of 60 single pointings with the NICMOS-3
near-infrared camera, with an imaging depth of three orbits per pointing (Conselice
et al. 2011).
These pointings were optimised to contain the maximum number of massive galaxies
(M > 1011M⊙) in the redshift range 1.7 < z < 3, identified in the two GOODS fields
by their optical-to-infrared colours (see Conselice et al. 2011). The survey covers a
total area of about 45 arcmin2 with a pixel scale of ∼ 0.1 arcsec/pixel, corresponding
to ∼0.9 kpc at the redshift range of interest (1.5 < z < 3). The target selection, survey
characteristics and data reduction are fully described in Conselice et al. (2011). Other
analyses of the GNS data set can be found in Buitrago et al. (2008), Bauer et al. (2011),
Bluck et al. (2011), Gru¨tzbauch et al. (2011) and Mortlock et al. (2011).
The GNS has a 5σ limiting magnitude of HAB = 26.8, which is significantly deeper
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than ground based near-infrared imaging of the GOODS fields carried out with e.g.
ISAAC on the VLT, which reaches a 5σ depth of HAB = 24.5 (Retzlaff et al. 2010).
Sources were extracted from the NICMOSH160-band image and matched to the optical
HST-ACS bands B,V,i and z, which are available down to a AB limiting magnitude
of B = 28.2. The matching is done within a radius of 2 arcsec, however the average
separation between optical and H160-band coordinates is much better with∼ 0.28±0.4
arcsec, roughly corresponding to the NICMOS resolution (see also Bauer et al. 2011).
The photometric catalogue covering the BvizH bands comprises 8298 galaxies, and is
used to compute photometric redshifts, rest-frame colours and stellar masses described
in the following sections (see also Conselice et al. 2011 for more details). Along with
this, each galaxy has imaging data in the Bviz ACS bands (Giavalisco et al. 2004).
Within our NICMOS fields is a total of 81 galaxies with stellar masses larger than
1011M⊙ with photometric and spectroscopic redshifts in the range 1.5 < z < 3.
This H160-band sample of massive galaxies is reduced to 52 due to optical band non-
-detections where we are unable to calculate accurate ultraviolet (UV) dust extinction
corrections (Bauer et al. 2011). The sample is further reduced to 45 galaxies due to
removing those galaxies with Se´rsic fits to the H160 light profiles with high uncertain-
ties or profiles that cannot be constrained (see §2.3.1 and Buitrago et al. 2008). We
examine the UV surface brightness profiles of the excluded galaxies in the bands they
were detected in, and found them to be consistent with the profiles of the remaining
galaxies. Figure 2.2 shows the z850 and H160 band images of the 45 galaxies used in
this study.
2.2.2 Redshifts
Where possible, we use spectroscopic redshifts published in the literature for our GNS
galaxies, otherwise we use photometric redshifts. Spectroscopic redshifts of sources
in the GOODS-N field were compiled by Barger, Cowie & Wang (2008), whereas the
GOOD-S field spectroscopic redshifts are taken from the FIREWORKS compilation
(Wuyts et al. 2008). In the full GNS sample, there are 537 spectroscopic redshifts for
sources in GOODS-N and 369 in GOODS-S. In the massive galaxy sample used in this
chapter there are however only six galaxies with spectroscopic redshifts.
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Photometric redshifts are therefore crucial for this study. These photo-zs were obtained
by fitting template spectra to the BvizH photometric data points using the HYPERZ
code (Bolzonella, Miralles & Pello´ 2000). The method is described in more detail in
Gru¨tzbauch et al. (2011). The synthetic spectra used by HYPERZ are constructed with
the Bruzual & Charlot evolutionary code (Bruzual A. & Charlot 1993) representing
roughly the different morphological types of galaxies found in the local universe. Five
template spectra are used corresponding to the spectral types of E, Sa, Sc and Im, as
well as a single starburst scenario. The reddening law is taken from Calzetti et al.
(2000). HYPERZ computes the most likely redshift solution in the parameter space of
age, metallicity and reddening. The best fit redshift and corresponding probability are
then output together with the best fit parameters of spectral type, age, metallicity, Av
and secondary solutions.
To assess the reliability of our photometric redshifts we compare them to available
spectroscopic redshifts in the GOODS fields. We matched the two catalogues to our
photometric catalogue with a matching radius of 2 arcsec, obtaining 906 secure spec-
troscopic redshifts. Figure 2.1 shows the matched sources. The reliability of photomet-
ric redshifts measures we use is defined by ∆z/(1+z) ≡ (zspec−zphoto)/(1+zspec). In
the following we compare the median offset from the one-to-one relationship between
photometric and spectroscopic redshifts, 〈∆z/(1 + z)〉, and the RMS scatter around
this relation, σ∆z/(1+z) = 0.061. We then investigate the performance of HYPERZ at
different redshifts, at low redshift (z < 1.5) and at 1.5 ≤ z ≤ 3, which is the redshift
range of the galaxy sample we use. For the high redshift complete sample we obtain an
average offset 〈∆z/(1 + z)〉 = 0.06 and a RMS of σ∆z/(1+z) = 0.1, with a fraction of
catastrophic outliers of 20%, where catastrophic outliers are defined as galaxies with
|∆z/(1 + z)| > 0.3, which corresponds to ∼ 3 times the RMS scatter. This error has
been folded into the results.
2.2.3 Stellar Masses and e-folding Star formation Timescales
Stellar masses and rest-frame colours of our sample are determined from multicolour
stellar population fitting techniques using the same catalogue of five broad band data
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Figure 2.1: Matched photometric redshifts versus spectroscopic for the GNS (906 galaxies). The
dispersion, ∆z/(1 + z), and catastrophic outlier fraction are 0.06 and 20% for galaxies within the
redshift range of study (1.5 < z < 3.0).
Evolution of Massive Galaxy Structural Properties and Sizes via Star Formation
In the GOODS NICMOS Survey 31
points used to determine photometric redshifts for all GNS galaxies. A detailed de-
scription of how stellar masses and rest-frame (U − B) colours are derived can be
found in Bundy et al. (2006), Conselice et al. (2011) and Gru¨tzbauch et al. (2011), and
is summarised in the following.
To calculate the stellar masses and colours of galaxies a grid of model spectral energy
distributions (SEDs) are constructed from Bruzual & Charlot (2003) stellar population
synthesis models, assuming a Salpeter initial mass function, varying star formation
history, age, metallicity and dust extinction. The star formation history is characterised
by an exponentially declining model of the form
SFR(t) = SFR0 × e−t/τ . (2.1)
The parameters in Equation 2.1 are varied over a wide range of values within the
ranges; τ = 0.01 to 10 Gyr - with values (all in Gyr): 0.01 0.025 0.05 0.08 0.1 0.12
0.65 1.21 1.37 1.73 1.99 2.52 2.71 2.84 2.99 3.09 3.34 3.7 4.23 4.33 4.45 4.69 5.16
5.23 5.47 5.68 5.83 6.21 6.61 6.95 7.03 7.27 7.37 7.95 8.38 8.76 8.80 8.94 9.57 9.80
9.88, and the time since the onset of star formation ranging from t = 0 to 10 Gyr,
with a condition that ages are not older than the universe itself at the redshift of ob-
servation. The dust content is parametrised by the V-band optical depth with values
τV = 0.0, 0.5, 1, 2 and the metallicity ranges from 0.0001 to 0.05 (Bruzual & Charlot
2003).
The magnitudes obtained from the model SEDs are fit to the observed photometric data
of each galaxy using a Bayesian approach. A grid of models is constructed from the
parameters defined above and the H-band M∗/LH, minimum χ2 and the probability
that each model accurately describes a given galaxies is calculated at each grid point.
The corresponding stellar mass is then determined by scaling the M∗/LH ratios to the
H-band luminosity based on the total H-band magnitude and redshift of the observed
galaxy. The probabilities are then summed across the grid and binned my model stellar
mass, yielding a stellar mass probability distribution for each galaxy. We use the peak
of the distribution as the best estimate, and the uncertainty is the width. The final error,
as a result of the models used, lie within the range of 0.2 to 0.3 dex.
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We use negative τ models in this chapter to fit our stellar masses, although other forms
of the star formation history are included later in the chapter when considering the
addition of stellar mass, including constant star formation rate measures, and an explo-
ration of possible forms of the star formation history, including those which are max-
imal and would exceed the observed stellar mass density evolution (§2.5.4.1). While
there is some evidence that the star formation history actually increases from z = 8 to
z = 3 (e.g., Papovich et al. 2011), there is also evidence that at redshifts lower than
this, and particularly for high mass galaxies, that the star formation rate is starting to
decline (e.g., Conselice et al. 2007, 2011). We investigate this in detail by examining
our sample at a constant co-moving number density, as Papovich et al. (2011) does,
and seeing how our star formation rate changes for the same co-moving density. Do-
ing this, we find that the star formation declines over our epoch using this method,
although the star formation history at redshifts z > 3 is more complicated than this.
However, this does show that our values of τ that we use here are mimicking the form
of the empirical star formation history.
It is possible that the stellar masses are an over estimate due to the poor treatment
of the TP-AGB phase in a star’s life and due to the effect of strong emission lines
contaminating the broadband photometry. The effects of the TP-AGB phase are less
important at the rest frame wavelengths used in this study, especially in the infra-
red H160 band. Using newer models by Bruzual & Charlot (2007) which have an
improved treatment of the TP-AGB phase we find that this lowers the stellar masses
of the massive galaxy sample by < 0.07 dex. This effect from the new models is
smaller than the stellar mass error, and the effects of cosmic variance, and is therefore
negligible. Table 2.1 contains the full list of values for all variables used in this study.
2.2.4 Star Formation Rates
The star formation rates (SFRs) used in this chapter are measured from rest-frame UV
luminosities, using the methods described in Bauer et al. (2011). The rest-frame UV
provides a direct measurement of ongoing SFR, since the UV luminosity is directly
related to the presence of young and short-lived stellar populations produced by recent
star formation. However, UV light can be contaminated from older stellar populations
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(e.g. Helium core burning stars) and is very susceptible to dust extinction and a careful
dust-correction has to be applied. The correction we use here is based on the rest-frame
UV slope. We briefly describe the method in the following.
We determine the SFRUV,uncorrected from the observed optical ACS z850-band flux
density (with a 5 σ limit of 27.5 in the AB system) spanning wavelengths of 2125 -
3400A˚ for z = 1.5 - 3 galaxies. After applying an SED based k-correction using the
IDL KCORRECT package (Blanton & Roweis 2007, v4.2) this corresponds to a rest
frame wavelength of 2800A˚. This is done by using the full SEDs of these galaxies.
The result of this is a k-correction at rest-frame UV wavelengths ∼ 2800A˚ which we
use throughout this chapter.
To measure the SFR we first derive the UV luminosity of the massive galaxies, then use
the Kennicutt (1998a) conversion from 2800A˚ luminosity to SFR assuming a Salpeter
IMF:
SFRUV (M⊙yr
−1) = 1.4× 10−28L2800(ergs s−1Hz−1) (2.2)
Before dust extinction is taken into account we find a limiting SFRUV,obs = 0.3 ±
0.1M⊙yr
−1 at z = 1.5, and a limiting SFRUV,obs = 1.0 ± 0.3M⊙yr−1 at z = 3.
The errors quoted here take into account photometric errors and the conversion from a
luminosity. The error for individual SFRs are around 30%. This error is dominated by
the uncertainty on the measurement of the UV slope (β) and the conversion to a dust
correction.
We compare our total integrated SFR for each galaxy in this sample to the same sample
used in Bauer et al. (2011) which included both SED determined and UV SFR. We find
on average that our total SFRs are slightly higher due to the use of a larger aperture but
within the quoted error.
Several studies (e.g. Bauer et al. 2011; Reddy et al. 2012) have found that when com-
paring the IR derived SFRs plus UV derived SFRs (SFRIR+UV ) against dust corrected
UV SFRs (SFRUV,corr) that the SFRIR+UV is on average a factor of 3 larger than
SFRUV,corr. This overestimation has been seen in other studies looking at luminous
galaxies (e.g. Papovich et al. 2007). Results from the Herschel Space Telescope (e.g.
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Elbaz et al. 2010; Nordon et al. 2010; Hilton et al. 2012) suggest that at z > 1.5, the
24 µm flux may overestimate the true SFR due to a rise in the strength of polycyclic
aromatic hydrocarbon (PAH) features, changes in the SEDs, or AGN contamination.
Recent work on the same sample of massive galaxies used in this chapter by Hilton
et al. (2012) using Herschel Space Telescope data and new fitting methods of the same
sample of massive galaxies found that the scatter of these results can be reduced to <
1σ between the IR+UV and UV corrected SFRs by taking into account new templates
in the FIR that account for these issues. We however are unfortunately forced to only
use the SFRUV,corr in this chapter since the Spitzer IR 24µm and Herschel images are
not resolved.
2.2.5 Dust Corrections
To obtain reliable star formation rates in the rest-frame ultraviolet, we need to account
for the obscuration due to dust along the line of sight. Meurer, Heckman & Calzetti
(1999) found a correlation between attenuation due to dust and the rest-frame UV
slope, β, for a sample of local starburst galaxies (where Fλ ∼ λβ). More recent studies
of local galaxies using the Galaxy Evolution Explorer (GALEX) near-ultraviolet band
show that the UV slope from the local starburst relation can be used to recover the dust
attenuation of moderately luminous galaxies at z ∼ 2 (Buat et al. 2005; Seibert et al.
2005; Reddy et al. 2010).
A method for determining dust extinction uses the reddening parameter extracted from
the best-fitting SED template as described in §2.2.3. We fit sets of template stellar
population synthesis models to derive the stellar masses (Gru¨tzbauch et al. 2011; Con-
selice et al. 2011). This method has some limitations when using it to correct for dust
as this approach assumes that the UV slope is due to dust reddening instead of other
sources, such as evolved stellar populations (Gru¨tzbauch et al. 2011).
We apply a method for determining a UV dust attenuation, A2800, in terms of the UV
slope. The UV slope is determined using an SED-fitting procedure described in Bauer
et al. (2011). To summarise, we fit an SED to the multi-wavelength observations from
optical-to-infrared. The SEDs obtained for all sources in the GOODS fields were fit
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with stellar population synthesis models. The best fitting templates were then used to
obtain a synthetic estimate of the UV emission at 1600A˚ and 2800A˚. From the model-
derived UV luminosities at 1600A˚ and 2800A˚ we calculate the spectral slope, β. The
Calzetti et al. (2000) law is then used to deriveA2800 from the UV spectral slope, which
we apply to the UV-derived star formation rates. Using this method we find an average
extinction value of A2800 = 3.2± 1.0 magnitudes for our sample.
Bauer et al. (2011) find in a comparison between an SED determined, and an ob-
servationally derived A2800, that the values obtained from these two methods are in
relatively good agreement for M∗ > 1011M⊙ across the whole redshift range with an
average offset of δA2800 = 0.86. This corresponds to a ∼ 27% error in the average
dust attenuation and this is folded into the following results.
2.3 Stellar Mass Density Profiles
2.3.1 Stellar Mass Radial Density Distributions
We construct our sample galaxy’s stellar mass density distributions by examining the
distribution of the H160, rest-frame optical light profiles for our sample (for 1.5 <
z < 3 this corresponds to rest λ = 640 − 400nm). We base this determination
on the Se´rsic fits to the light distribution. A detailed description of how the Se´rsic
indices were measured can be found in Buitrago et al. (2008) and is summarised in the
following.
The Se´rsic profiles were measured using GALFIT (Peng et al., 2002; Peng, 2010).
GALFIT uses r1/n 2D models of the form (Se´rsic 1968):
Σ(r) = Σe × exp(−bn[(R/Re)1/n − 1]) (2.3)
where Re is the effective radius of the galaxy, Σe is the surface brightness at Re, n is
the Se´rsic index and bn = 1.9992n − 0.3271. This model is convolved with the Point
Spread Function (PSF) of the images, and GALFIT determines the best fit by compar-
ing the convolved model with the observed galaxy surface brightness distribution using
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Figure 2.2: Images in the z850 band (left) and H160 band (right) of the 45 massive galaxies in this
study. The ID number of each galaxy is shown in the lower right hand corner of the z850 band
image with the corresponding image of the same region in the H160 band to the right. All images
are 2.5 by 2.5 arcsecond cutouts for galaxies between 1.5 < z < 3 centred on the H160 band
detection. The properties of each galaxy are listed in Table 2.1.
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(a)
(b)
Figure 2.3: Example rest frame UV surface brightness profiles from ACS z850-band imaging. (a)
Galaxy ID: 999, Initial stellar mass: 1.5 × 1011M⊙, Rest frame optical effective radius: 2.0kpc,
Rest frame optical Se´rsic index:n = 1.42, SF growth classification: Inner SF growth. (b) Galaxy
ID: 3629, Stellar mass: 2.6 × 1011M⊙, Rest frame optical effective radius: 1.8kpc, Rest frame
optical Se´rsic index:n = 1.26, SF growth classification: Non-significant SF growth.
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a Levenberg-Marquardt algorithm to minimise the χ2 of the fit. We use single Se´rsic
models to compare our size estimations with previous work. Neighbouring galaxies
are masked out before the fitting, and in the case of overlapping isophotes the objects
are fit simultaneously. Due to variations of the shape of the NICMOS-3 PSF in our im-
ages, we select five non- saturated bright stars to sample the PSF within our imaging
and with which to gauge the accuracy of the parameter measurements. The structural
parameters of each galaxy are measured five times for each unique star. The uncer-
tainty (1σ) on the structural parameters due to changes in the PSF is ∼ 15% for the
effective radius re, and ∼ 20% for the Se´rsic index n. We then remove galaxies from
our galaxy sample that are not well constrained after Se´rsic profile fitting i.e. Galaxies
with high uncertainties in n or Re or have n < 0.2. Objects with n < 0.2 have been
removed as these objects have non physical profiles and also have not reached the Chi2
global minima due to the fitting constraints and are therefore unreliable.
A concern when measuring sizes and Se´rsic indices at high redshift is surface bright-
ness dimming which in principal could bias our measured sizes. Previous studies have
examined this issue, and have conducted many simulations in order to check the impor-
tance of surface brightness dimming in HST observations (e.g. Trujillo et al., 2006a,
2007; Buitrago et al. 2013). In Appendix A of Buitrago et al. (2013) one can find the
descriptions of the extensive simulations conducted in order to asses the reliability of
the galaxy structural parameters within GNS. The median observable characteristics of
our massive galaxies (HAB = 22.5, n∼2, re ∼2 kpc) allow us to retrieve their structural
properties without any significant bias. However it is worth noting that, for individual
galaxies, the parameters are not as well constrained for galaxies which display higher
Se´rsic indices.
Using the total stellar mass for the galaxies and the H-band light (see §2.2.3) we equate
the total stellar mass to the total rest-frame optical light received from the individual
galaxies. We then convert the H160-band Se´rsic profile to a stellar mass profile. The
total initial stellar mass defined by:
M∗ = ρe
∫ Rmax
0
exp(−bn[(R/Re)1/n − 1])2πRdR (2.4)
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The radius within which the total stellar mass is contained, Rmax, is taken to be 20kpc
in all cases. Rmax is chosen to be 20kpc as it is approximately 8 times the average
effective radius and will encompass more than 99.9% of the total flux. The effective
radius, Re and Se´rsic index, n, come from the H160-band Se´rsic profile as described in
this section. From this, the stellar mass density at the effective radius ρe is calculated,
and the full stellar mass density profile is constructed via:
ρobserved(R) = ρe × exp(−bn[(R/Re)1/n − 1]) (2.5)
with the implicit assumption that the mass to light ratio is constant over the galaxy, as
used in other works studying surface brightness profiles (e.g. Szomoru et al. 2011).
2.3.2 Stellar Mass Density Added Via Star Formation
We measure star formation profiles for our sample using the IRAF program ellipse by
fitting a series of isophotal ellipses to the z850-band data with the H160-band determined
centre of the massive galaxies. This isophotal fitting returns the z850-band flux binned
in a series of increasing radii. This is then converted to a dust corrected star-formation
rate in each radius bin via the procedure described in §2.2.5. Examples of such surface
brightness profiles are shown in Figure 2.3.
The total galaxy magnitudes obtained from this isophotal fitting are checked against a
previous catalogue of the z850-band magnitudes for these galaxies in Bauer et al. (2011)
measured with SExtractor (Bertin & Arnouts 1996), and are found to be consistent.
In order to measure how this star formation affects the z = 0 mass density of the galaxy
we simulate the amount of stellar mass added via star formation in each radius bin by
assuming that the same global star formation history we use in §2.2.3 applies through
to z = 0. We also apply several other star formation histories that these galaxies could
experience such as constant SFR to z = 0, constant SFR to z = 1.5 and variations on
the derived tau model. These are discussed in §2.5.4.2. We find very similar results as
discussed below for the tau models.
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ID SF Class SFR0 z Mass A2800 Re n τ (yr)
43 OG 126.7±34.2 1.79 11.0±0.4 3.8±1.0 1.8±0.3 2.5±0.8 6.5× 108
77 NG 173.8±46.9 2.33 11.1±0.2 3.5±0.9 3.2±0.1 1.4±0.1 1.2× 108
158 NG 28.8±7.8 1.84 11.2±0.4 2.0±0.5 1.4±0.3 2.0±2.0 6.5× 108
227 NG 23.1±6.2 2.48 11.2±0.3 0.8±0.2 2.1±0.1 2.1±0.1 1.2× 108
840 NG 87.8±23.7 2.31 11.1±0.3 2.4±0.6 1.6±0.2 2.3±0.5 1.2× 108
856 NG 257.8±69.6 2.32 11.2±0.2 2.6±0.7 1.7±0.1 3.7±0.3 1.2× 108
860 OG 367.0±81.0 1.79 11.2±0.3 3.9±1.1 3.8±0.3 3.5±0.6 6.5× 108
999 IG 672.6±181.6 1.58 11.2±0.4 4.0±1.1 2.0±0.1 1.4±0.3 1.4× 109
1129 NG 464.7±125.5 2.61 11.3±0.4 5.0±1.3 3.1±0.1 0.2±0.1 1.2× 108
1394 NG 208.4±56.3 2.29 11.5±0.3 3.5±0.9 3.3±0.1 1.1±0.1 1.2× 108
1533 NG 97.4±26.3 2.45 11.6±0.3 1.8±0.5 1.3±0.1 0.9±0.5 6.5× 108
1666 NG 244.5±66.0 *1.76 11.9±0.4 4.7±1.3 6.2±0.1 0.6±0.1 1.2× 108
1768 NG 314.7±85.0 2.22 11.4±0.3 3.6±1.0 1.4±0.1 2.1±0.6 1.2× 108
1888 NG 133.4±36.0 2.75 11.2±0.4 3.5±0.9 2.0±0.5 5.0±1.2 1.2× 108
2083 NG 160.6±43.4 2.31 11.1±0.4 3.5±0.9 1.2±0.2 1.3±0.6 1.2× 108
2411 OG 241.7±65.3 2.09 11.0±0.3 3.8±1.0 5.2±0.1 0.6±0.1 6.5× 108
2564 NG 127.8±34.5 2.10 11.1±0.3 3.5±0.9 1.4±0.1 1.8±0.3 1.2× 108
2667 OG 284.8±76.9 1.79 11.2±0.4 3.5±0.9 2.0±0.1 3.5±0.9 6.5× 108
2678 NG 51.8±14.0 2.30 11.1±0.3 1.2±0.3 1.4±0.1 0.8±0.1 1.2× 108
2798 NG 196.2±53.0 1.72 11.6±0.3 3.5±0.9 4.5±0.6 4.6±0.2 6.5× 108
3629 NG 140.6±37.0 2.17 11.4±0.2 2.5±0.7 1.8±0.2 1.3±0.2 6.5× 108
3766 NG 76.0±20.5 1.87 11.2±0.2 2.2±0.6 2.8±0.1 1.9±0.3 1.4× 109
3818 NG 255.9±69.1 1.82 11.5±0.4 3.5±0.9 3.7±0.4 5.1±1.3 6.5× 108
3822 NG 115.3±31.1 2.41 11.1±0.5 3.5±0.9 1.9±0.1 2.1±0.5 1.2× 108
4033 OG 81.5±22.0 1.72 11.2±0.3 1.0±0.3 6.1±0.8 1.2±0.1 1.7× 109
4036 OG 134.3±36.3 1.72 11.0±0.3 3.5±0.9 1.7±0.4 7.5±2.0 6.5× 108
4315 NG 231.1±62.4 2.85 11.0±0.4 4.0±1.1 0.9±0.5 1.8±1.3 1.2× 108
4471 OG 401.0±108.3 *2.29 11.2±0.4 3.5±0.9 2.8±0.1 1.4±0.1 6.5× 108
4557 NG 232.6±62.8 2.09 11.3±0.4 3.1±0.8 4.6±0.1 1.4±0.1 1.2× 108
4706 NG 236.2±63.8 *2.35 11.1±0.2 3.4±0.9 0.9±0.1 1.7±1.2 1.2× 108
4737 NG 34.4±9.2 2.52 11.0±0.3 1.3±0.4 1.1±0.3 3.3±3.7 1.2× 108
4882 IG 448.4±121.1 1.67 11.1±0.3 4.2±1.1 1.2±0.1 2.2±0.2 6.5× 108
5282 IG 276.8±74.7 1.64 11.0±0.3 3.5±0.9 4.9±0.1 1.1±0.1 2.7× 109
5764 NG 170.2±41.6 2.54 11.5±0.3 3.5±0.9 1.7±0.1 2.9±0.4 1.2× 108
6035 NG 208.6±56.3 1.60 11.3±0.4 3.5±0.9 2.0±0.1 4.2±0.6 6.5× 108
6114 NG 108.0±29.2 1.96 11.3±0.3 2.5±0.7 1.5±0.6 0.3±0.3 6.5× 108
6220 IG 558.3±150.7 1.71 11.0±0.4 5.1±1.4 3.8±0.1 1.5±0.1 6.5× 108
6267 OG 136.2±36.8 *1.54 11.4±0.2 1.6±0.4 2.3±0.1 2.3±0.5 1.7× 109
6287 NG 102.9±27.8 1.84 11.0±0.4 3.5±0.9 2.5±0.1 2.4±0.4 6.5× 108
6514 NG 199.6±53.9 2.49 11.2±0.3 3.2±0.9 2.7±0.2 2.5±0.1 1.2× 108
6584 NG 180.4±48.7 1.62 11.2±0.3 3.5±0.9 6.2±0.1 1.1±0.1 1.2× 108
7072 OG 101.0±27.3 1.74 11.1±0.2 1.9±0.5 1.4±0.1 2.3±0.4 1.4× 109
7475 OG 377.9±102.0 *1.61 11.2±0.3 3.5±0.9 4.9±0.2 2.1±0.2 6.5× 108
8140 OG 319.6±86.3 *1.90 11.4±0.4 3.0±0.8 1.8±0.1 2.7±0.5 6.5× 108
8214 OG 817.0±220.6 2.05 11.3±0.2 3.8±1.0 1.6±0.1 1.7±0.2 6.5× 108
Table 2.1: (col. 1) ID number of the galaxy; (col.2) The classification of the galaxy based on
the location of the star formation (see §3.3); Non-significant star formation growth (NG), outer
star formation growth (OG) and inner star formation growth (IG) ; (col.3) Total observed UV star
formation rate in solar masses per year ; (col. 4) Best redshift of the object, spectroscopic redshifts
are denoted by * ; (col. 5) Stellar Mass with error in units of log10M⊙ calculated from multi
colour stellar population fitting techniques ; (col. 6)A2800 Dust correction and error in magnitudes,
determined from UV slope fitting ; (col. 7) Effective radius and error in units of kpc from Se´rsic
r1/n 2D models fits of the H160 band data using GALFIT. ; (col. 8) Se´rsic index and error from
Se´rsic r1/n 2D models fits of the H160 band data using GALFIT. ; (col. 9) e-folding star formation
time in years calculated from multi-colour stellar population fitting techniques (see §2.2.3).
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The exponentially declining model of star formation uses the observed dust-corrected
rest-frame UV star formation as the initial rate, SFR0, and the values of the e-folding
time, τ , which we obtained from the M∗ fitting (see §2.2.3). To obtain the total amount
of stellar mass added via star formation, MSF, we integrate Equation 2.1 over time
from the total look back time derived from the redshift of the galaxy, ranging from
∼ 9.7 Gyr at z = 1.7 to ∼ 11.5 Gyr at z = 3 to the present day. We experimented
with evolving the massive galaxies only until z = 1 but found very similar results
as the evolution to z = 0 as the majority of the evolution in both size and structural
properties of these massive galaxies seems to occur within the first ∼ 2 Gyr of our
simulation.
In Figure 2.4 we show the change in the total stellar mass of each of the galaxies within
our sample as measured through the SFR. We find that the total stellar mass on average
increases by 91 ± 22% via this modelled star formation. The evolved total stellar
masses of our galaxies do not exceed constraints placed upon the observed total stellar
mass evolution from other studies (e.g. Cole et al. 2001; Bell et al. 2003; Conselice
et al. 2007; Brammer et al. 2011; Mortlock et al. 2011). Brammer et al. (2011) show
that the total stellar mass growth for massive galaxies from z ∼ 2 to 0 is of the order of
100%. We see that there is an anticorrelation between the original stellar mass and the
evolved stellar mass, with some of the lower mass galaxies increasing substantially in
stellar mass, while the higher mass galaxies have a much smaller change in mass over
cosmic time. This is a sign of galaxy downsizing (e.g. Cowie et al. 1996; Bundy et al.
2006), such that the most massive galaxies are less affected by star formation at z < 3
than the lower mass galaxies.
This total stellar mass added via star formation is converted to a stellar mass projected
density via, ρSR = MSF/Aan, were Aan is the area of the annulus the star formation is
contained within. From this we construct a new stellar mass profile by including the
stellar mass added via star formation to the original profile via:
M∗(R, t) =M∗(R, t = 0) + SFR0(R)
∫ t
0
e−t/τdt (2.6)
where M∗(R, t = 0) is the initial stellar mass at radius R, SFR0(R) is the observed
initial SFR at the same radius and M∗(R, t) is the stellar mass at radius R after time t.
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We consider other cases of star formation histories in §2.5.4.
2.3.3 Profiles
In this section we examine the profiles of the stellar mass density distributions at high
redshift, the stellar mass density added via star formation, and for the combination of
the two - an evolved stellar mass density profile for each of the 45 massive galaxies
in our sample. The evolved profiles are then fit with a new Se´rsic profile. The Se´rsic
profiles for the evolved stellar mass profiles are obtained by the best fitting Se´rsic
(1968) function to the new profile,
ρ(R) = ρe × exp(−bn[(R/Re)1/n − 1]) (2.7)
We find that the galaxies in our sample can be classified into three distinct groups
based on the location of star formation regions and the effect they have on our sample
galaxy’s evolved stellar mass density profile.
To examine the results we first divide the galaxies into two regions. An inner region, at
R ≤ 1kpc with an observed initial stellar mass density in the inner region, ρobserved,inner
and a stellar mass density added via star formation in the inner region, ρSF,inner. An
outer region, R > 1kpc with a observed stellar mass density, ρobserved,outer and a stellar
mass density added via star formation in the outer region, ρSF,outer. We chose 1kpc as
the boundary for our inner region based on stellar surface brightness comparisons at
high and low redshifts (e.g. Hopkins et al. 2009; Carrasco, Conselice & Trujillo 2010;
Szomoru et al. 2011). We discuss the three types below.
Non-significant Star Formation Growth (NG) : This category is for galaxies in which
the stellar mass density added via star formation is smaller than the galaxy’s initial
stellar mass density present over both the inner and outer regions. ρobserved,inner >
ρSF,inner and ρobserved,outer > ρSF,outer.
Outer Star Formation Growth (OG) : In this category the stellar mass density added via
star formation is greater than the initial stellar mass density present in the outer region,
but the initial stellar mass density in the inner region is greater than the stellar mass
density added via star formation; ρobserved,inner > ρSF,inner but ρobserved,outer < ρSF,outer
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Figure 2.4: Total stellar mass before (OriginalM∗) and after evolution (EvolvedM∗) from the
derived tau model of star formation evolution. The black circles represent the non-significant star
formation growth galaxies. The blue squares represent the inner star formation growth galaxies.
The red triangles represent the outer star formation growth galaxies (see §2.3.3).
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Type No. of galaxies % of sample
Non-significant SF Growth (NG) 29 64.4+4.5−33.3
Inner SF Growth (IG) 4 8.9+2.2−2.2
Outer SF Growth (OG) 12 26.7+31.1−2.3
Table 2.2: Evolved massive galaxies using the derived tau model of SF evolution separated into
the three classifications. Insignificant Star Formation Growth (NG), Inner Star Formation Growth
(IG), Outer Star Formation Growth (OG). We see that nearly half of the sample resides in the NG
class with a significant fraction in the OG class.
Inner Star Formation Growth (IG) : This category is for galaxies in which the stellar
mass added via star formation is greater over both regions than the initial stellar mass
density present, ρobserved,inner < ρSF,inner and ρobserved,outer < ρSF,outer
In Figure 2.5 we show examples of the three different galaxies classes and in Table 2.2
we list the numbers of each class we have in our sample.
2.4 Results
The profiles for the stellar mass already in place at high redshift (§2.3.1) and the stel-
lar mass added via star formation (§2.3.2) are combined to give an evolved modelled
stellar mass density profile of the galaxy after evolving for ∼ 10 Gyr from z ≃ 2.5
until the present day. Using the new stellar mass density profiles we fit a new Se´rsic
profile of the same form as Equation 2.5 to examine how the stellar mass added via
star formation would change the structure and sizes of our massive galaxies over time.
2.4.1 Stellar Mass
Figure 2.4 shows the growth in total stellar mass for all of the galaxies within our
sample. As stated before the average growth for the sample is 91± 22%. The evolved
total stellar masses of our sample of galaxies does not exceed constraints placed upon
the observed total stellar mass evolution from other studies (e.g. Conselice et al. 2007;
Brammer et al. 2011; Mortlock et al. 2011). This represents the maximal stellar mass
increase, negating the effects of supernova and other types of feedback that would
impede star formation and reduce the total amount of stellar mass created. From this
figure we can also see that there is a clear divide between the three classes of galaxies
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(a) (b)
(c)
Figure 2.5: Example of the three star formation growth classifications. a)Non-significant star
formation growth (NG) b)Inner star formation growth (IG) c) Outer star formation growth (OG).
The blue diamonds represent the observed stellar mass density present at high redshift based on
the H160-band Se´rsic profile. The red squares represent the stellar mass density added via star
formation to z = 0. The black circles represent the combined (evolved) profiles of both the stellar
mass density present at high redshift and the stellar mass density added via star formation to z = 0.
The black dotted line is the best fit Se´rsic profile to the evolved stellar mass density profile. The
sub-plot shows the change in the stellar mass density profile, ∆M , from the stellar mass density
present at high redshift compared (blue diamonds) to the evolved stellar mass density profile (black
circles).
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in our sample (see §2.3.3). The NG class galaxies have the smallest change in total
stellar mass of 22 ± 34%, and do not come close to doubling in stellar mass. The IG
class has the largest change in stellar mass of 474 ± 89%, and lie exclusively in the
top region of the figure. The OG class of galaxies in this sample have an intermediate
mass change of 129± 90%. This is a clear segregation in stellar mass build up via star
formation between the three classes based upon the star formation locations, showing
that the three different classes also have differing specific star formation rates, with IG
galaxies having the highest and NG having the lowest. This divide is also present in
all of the other models of SF we applied to this sample.
2.4.2 Structure and Size Evolution
We find from the Se´rsic fits to the evolved profiles that the average change in n over
the whole massive galaxy sample is such that the Se´rsic index goes slightly down,
nevolved−noriginal = ∆n = −0.9± 0.9. This is consistent with a small change with the
profile shape over time.
In Figure 2.6a we show that the change in Se´rsic index n differs for the three profile
classifications. The NG galaxies lie nearly completely along the 1:1 line, denoting a
small change from the observed to the evolved n, ∆n = −0.6± 0.1. This is expected
as these galaxies are classified as having a small amount of stellar mass density added
via star formation compared to the observed stellar mass density. However, we note
that the NG galaxies with a high original n do not fall upon the 1:1 line, and have a
lower n after evolution due to small amounts of star formation in the outer regions.
Also, we find that all of the OG and IG galaxies lie below the 1:1 line. This reveals that
these galaxies have a lowered n value after star formation evolution. Over the whole
OG class there is a change of ∆n = −1.6 ± 0.4, and ∆n = −1.1 ± 0.3 for the IG
class. The result is expected for the OG class as these are defined as galaxies where
there is a disparity in the amounts of star formation between the two regions, inner and
outer. This disparity results in the outer regions of the galaxy increasing in stellar mass
density, while the inner region does not.
The small changes in Se´rsic n after star formation evolution shows that the star forma-
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(a)
(b)
Figure 2.6: The evolution of the Se´rsic index (a), and the effective radius (b) via star formation
to z = 0. The black circles denote galaxies classified as NG. The red triangles denote galaxies
classified as OG and the blue squares denote galaxies classified as IG (see §2.3.3). The dashed line
in both cases shows a 1 : 1 relation. The typical error bars are shown in the top right hand corner.
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tion density within these galaxies largely follows the underlying stellar mass density
profile. In the case of IG galaxies where the stellar mass added via star formation dom-
inates over the entire galaxy, the initial stellar mass density profile is almost completely
negligible after evolution but the new profile retains the same general shape.
The effective radius, Re, for our entire sample increases by 16± 5% averaged over the
entire sample after our simulation. Separating the galaxies into our different classifi-
cations we find that the NG class has a very minor increase in size of 4± 3%. We find
the OG class has an increase in Re of 37± 12%. This increase in the effective radius is
due to the addition of stellar mass in the outer regions of these galaxies. The IG class
has an increase in Re of 36 ± 16%. This small increase is most likely related to the
non-changing n we find for this class.
Figure 2.6b shows the evolution of the effective radius before and after star formation
evolution. We find that galaxies in the NG class all lie close to their original effective
radius with the other two classes having a larger change. We also see that the massive
galaxies with smaller original effective radii have a larger growth in size after star
formation evolution compared to systems with larger original effective radii.
2.4.3 Stellar Migration
We show above that the star formation within the massive galaxies is not sufficient to
produce a large growth in effective radius. We now investigate stellar migration as a
method that may also be at work.
Recent theoretical work suggests that it may be common for stars to migrate radically
across significant distances within spiral galaxies (Sellwood & Binney 2002, Rosˇkar
et al. 2008). These works showed that stellar migration happens via processes in the
spiral arms of disk galaxies. However, we cannot reliably distinguish disk-like galaxies
in our sample using a Se´rsic index cut at n = 2.5 because we cannot rule out that some
of the galaxies with n > 2.5 do not have spiral like features (e.g. Buitrago et al. 2013).
Therefore we add into our evolution models a simple stellar migration model to all
the galaxies in the sample in order to gauge the effect this would have on the size and
structural changes of the evolved galaxy profiles.
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(a) (b)
(c)
Figure 2.7: Example of the effect of the stellar migration models on one example galaxy den-
sity profiles with increasing Gaussian widths of σ = (a)0.1kpc, (b) 0.5kpc, (c) 1.0kpc. The non-
-migration profile can be seen in Figure 2.4 (c) which is the galaxy we use in this example. The
sub-plot shows the change in the stellar mass density profile from the stellar mass density present
at high redshift compared to the evolved stellar mass density profile.
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(a) (b)
(c)
Figure 2.8: The evolution of the Se´rsic index with due to various stellar migration models, the
Gaussian form for stellar migration is shown in Equation 2.8. The values of σ used are (a) 0.1kpc,
(b) 0.5kpc (c) 1.0kpc. The black circles denote galaxies classified as NG. The red triangles denote
galaxies classified as OG and the blue squares denote galaxies classified as IG. The typical error
bars are shown in the top right hand corner.
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(a) (b)
(c)
Figure 2.9: The evolution of the effective radius due to various stellar migration models, the
Gaussian form for stellar migration is shown in Equation 2.8. The values of σ used are (a) 0.1kpc,
(b) 0.5kpc (c) 1.0kpc. The black circles denote galaxies classified as having non-significant star
formation growth (NG). The red triangles denote galaxies classified as having outer star formation
growth (OG) and the blue squares denote galaxies classified as having inner star formation growth
(IG). The typical error bars are shown in the top right hand corner.
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In order to simulate this effect on the galaxies in this sample we apply a Gaussian
distribution function centred on each individual radial bin across each galaxy in the
sample. This distributes the total stellar mass (the stellar mass added via star forma-
tion and the in situ stellar mass) across the galaxy according to the summed Gaussian
distribution:
M∗,mig(R, t) =
Rmax∑
i=Rmin
M∗(i, t)
1
σ
√
2π
e−
(R−i)2
2σ2 (2.8)
where M∗(i, t) is the total stellar mass at radius i and at time t from Equation 2.6 and σ
is the width of the Gaussian distribution. The Rmin and Rmax are the total range of the
galaxy radial distribution.This is motivated by the work of Rosˇkar et al. (2011). They
show that the stellar migration within a spiral galaxy can approximated by a Gaussian
distribution. Their work also showed that with increasing formation radius the peak
of the migration distribution becomes increasingly offset from the formation radius.
However, this offset in the distribution only affects stars formed at radii greater than
10kpc. As all of the objects in this study have sizes much smaller the effect of this
offset will be negligible to this work and is therefore not included. Simulations from
Rosˇkar et al. (2011) showed that the radial migration of stars in a Milky Way type disk
can change by several kpc over the lifetime of the galaxy. To simulate this with some
scatter we run a series of different widths to represent a wide range of migrations with,
0.01kpc < σ < 1.0kpc. The new stellar mass distribution is then fit with a new Se´rsic
profile. Figure 2.7 shows the effect of increasing levels of stellar migration upon one
galaxy at different levels.
As expected, we find that larger levels of migration have an increasing stronger effect
on the effective radius. The maximal effect on the radius of the galaxy is for the largest
width Gaussian we applied, 1.0kpc. This level of migration is of the same order as the
effective radii for the galaxies in our sample. Therefore to test maximal size growth we
use a 1.0kpc migration from this point on. It is quite possible that stellar migration may
happen on a larger scale and we experimented with wider Gaussian distributions but
found that we could no longer accurately simulate the galaxy evolution due to losing
stellar mass outside the confines of the simulation. From the 1.0kpc Gaussian we find
the effective radius grows by 54± 19% of the original effective radius. This represents
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an evolved effective radius ∼ 3.4 times larger than with just the star formation evolu-
tion alone. The effect of this migration on the Se´rsic indices on average is consistent
with a small change, with ∆n = −1.1 ± 1.3, similar to the non migration case. This
is similar to the insignificant change in n we found in the profiles without the stellar
migration.
In Figure 2.8 we show how the Se´rsic index changes using different stellar migration
models. When this is applied to our different galaxy classes we find that the NG
galaxies have a increased effective radius of 48± 7% over the initial effective radius.
The IG galaxies show an increase in the effective radius of 55 ± 15%. Compared
to the increased radii from star formation alone this is a ∼ 1.5 times larger result.
OG galaxies have an effective radius the largest increase with migration of 71± 18%.
This increase in effective radius is ∼ 1.9 times larger than the non-migration case for
the OG class of galaxies in this sample. This is likely due to these galaxies producing
more stellar mass in the outer regions than the other classes by definition, and therefore
having a larger amount of stellar mass already at large radii to move during migration.
In Figure 2.9 we show how the effective radius changes due to the addition of the star
formation and stellar migration. The galaxy classes that have the highest star formation
rates are affected the most by stellar migration due to having more new stellar mass
to migrate, with the non-changing, non-significant star formation galaxies lying close
to the non-changing line and the outer and inner star formation growth galaxies lying
above.
2.5 Discussion
2.5.1 Size Evolution
As stated previously, recent studies over the last few years have found evidence for a
dramatic size evolution of massive galaxies over the past 10 billion years (e.g Daddi
et al. 2005; Trujillo et al. 2007; van Dokkum et al. 2010; Buitrago et al. 2008). Current
estimates for this growth in the effective radius argue that massive galaxies may grow
in size on average up to a factor of 3 for disk-like galaxies, while for spheroid-like
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objects this evolution reaches even a factor of 5 since z = 3 (Buitrago et al. 2008).
In this chapter we have shown that the effective radius of massive galaxies is altered
by the star formation present, growing on average by 16 ± 5% from z = 3 to z = 0.
This value is only ∼ 3 − 5% of the total increase in the size of massive galaxies from
observational studies (e.g. Buitrago et al. 2008). This indicates that the star formation
has a very minor contribution to the observable overall size evolution at z < 3.
When we apply a simple model of stellar migration to the new stellar mass created
via star formation to the present day we find that the size of these massive galaxies is
influenced to a greater extent. The effective radius increases by 54±19%. This increase
would represent 11 − 18% of the total size evolution that massive galaxies undergo
between z > 1 and 0. This result shows that the effects of stellar mass added via star
formation, and any subsequent stellar migration, plays a minor role in massive galaxy
size evolution and only contributes roughly a tenth of the total size growth needed
to explain the observed size evolution. This implies that other evolution mechanisms
must also be at work to produce the remaining ∼ 80% of the observed size growth
over cosmic time. From also examining the total size growth in the other models of
evolution (see §2.5.4.1) we also find that the maximal size increase we can obtain can
only produce ∼ 54% of the total observed size growth.
Recent studies have found that minor and major mergers have a large influence on the
size evolution of massive galaxies. These mergers could explain the majority of the
remaining∼ 80% of the observed size growth unaccounted for by the SF via increasing
the total stellar mass of the galaxies (Bluck et al. 2011). Our results are consistent with
this view that something other than SF produces the change in the sizes of massive
galaxies.
2.5.2 Structural Properties
Recent studies have shown that the massive galaxy population at z ≥ 1.5 is dominated
by disk like galaxy morphologies with n < 2 (e.g., Weinzirl et al. 2011; Buitrago et al.
2013;). This is in contrast to the local universe where the massive galaxy population
is almost entirely dominated by spheroids (e.g. Baldry et al. 2004; Conselice 2006b).
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This transformation is also seen through changes in the Se´rsic index of these galaxies
from a low value of n at z > 1 to a high value of n at z < 1.
In this study we show that due to the star formation present within the massive galaxies
at z > 1.5 the Se´rsic index has an insignificant change over cosmic time, ∆n =
−0.9 ± 0.9. When we introduce the effects of stellar migration to the mass added via
star formation the change in Se´rsic index is again negligible over cosmic time with,
∆n = −1.1 ± 1.3. In the other methods of SF evolution we find that the change in
n is very similar. This implies that with both star formation and stellar migration the
change to the Se´rsic index is minimal. Also, this does not agree with observations
of the general increase of n over time. Therefore SF alone cannot account for the
observed morphological change which appear to show that n is increasing over time
(e.g Buitrago et al. 2013).
2.5.3 Spatial Location of Star Formation
In this study we find that the structural properties of our massive galaxies remain
largely unchanged after evolution via star formation. This unchanging n shows that
the location and magnitude of star formation within massive galaxies largely follows
the observed initial stellar mass density profile. This is most pronounced in the case of
the inner growth (IG) galaxies. In this class of galaxy the observed stellar mass profile
is much smaller than the stellar mass profile added via star formation. Therefore, for
this class of galaxy to retain its original Se´rsic index the stellar mass produced via star
formation over evolution to the present day would have to be produced in amounts
which largely reflect the already present stellar density i.e. high density regions would
have a higher star formation rates than lower density regions. This was also seen in
other ways in Trujillo et al. (2007), Buitrago et al. (2008) and (Cassata et al., 2010,
2011).
The measured ∼ 16% growth of the effective radii of our massive galaxies due to star
formation alone, without any stellar migration, reveals that there is star formation lo-
cated in the outer regions of our massive galaxies. This is most pronounced in the OG
galaxies by definition. In these galaxies the surface stellar mass density of the inner
region remains roughly constant over star formation evolution with the outer regions
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increasing in stellar mass density. Thus in our simulated star formation evolution the
observed high redshift galaxy would become surrounded by an envelope of new stellar
material over time. With the addition of stellar migration this effect becomes more
pronounced with newly created stellar mass migrating outwards. Recent work exam-
ining the stellar mass density profiles of high redshift, z > 2, and low redshift, z = 0,
massive galaxies has shown that the density in the core region of low redshift galaxies
is comparable to the density of the compact high redshift galaxies (Hopkins et al. 2009;
van Dokkum et al. 2010; Carrasco, Conselice & Trujillo 2010). The compact high red-
shift galaxies have become surrounded by an envelope of lower density material from
z > 2 to 0. This is similar to what we find in the OG class of galaxies.
The models that we use in this study do not account for any new gas that can be accreted
at later times, at z < 1.5, and at early times at z > 3 where we also do not observe our
sample. This new gas and possible new star formation is likely to have a different radial
distribution from the current in situ gas, with most of the new gas being at larger radii
(Keresˇ et al. 2005; Dekel, Sari & Ceverino 2009). Therefore the distribution of star
formation that we observe at high redshift is mostly likely the result of previous events
of gas accretion (see Conselice et al. 2013). However, not all the gas accreted may
convert into stars immediately, and this gas may remain in the outer portions of these
galaxies and may form into stars at an epoch later than our observations at z < 1.5,
which in principle may increase the sizes of these systems at a later time, or alter their
Se´rsic indices.
2.5.4 Model Limitations
In this study we have taken a snapshot of our massive galaxy sample over 2 Gyr in time,
and derived the resulting evolution based on a derived star formation model. Thus we
do not take into account any post-observation star formation events in our basic model.
However this is likely a fair assumption due to observations of the majority of massive
galaxies at z < 1.4 having old stellar populations and red colours (e.g. McCarthy
et al. 2004; Daddi et al. 2005; Saracco et al. 2005; Bundy et al. 2006; Labbe´ et al.
2006; Conselice et al. 2007; Mortlock et al. 2011; Gru¨tzbauch et al. 2011). This
would imply that the SF we observe at z > 1.5 is the last major burst of SF in massive
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galaxies. The effect of new star formation events would increase the total amount of
stellar mass added to the host galaxy. The galaxy’s structural properties and size could
also be affected by these events, depending on the location and magnitude of this star
formation as discussed in the previous section.
Conversely, we also do not take into account any feedback mechanisms that would
negatively affect star formation rates. Examples of such processes are AGN and su-
pernovae feedback. Massive galaxies can spend up to 1/3 of their lifetimes in an AGN
phase (Hickox et al. 2009; Bluck et al. 2011). This phase introduces energy into the
interstellar gas and can expel it from the host galaxy (Schawinski et al. 2006), or heat
it such that it cannot cool. Also ongoing star formation results in the creation of many
high mass stars which can lose mass during evolution and subsequently die in super-
novae, thereby lowering the total stellar mass of the galaxy. When many supernovae
are present in a short time the created shock waves introduce vast amounts of energy
into interstellar gas. The gas can then can be heated or ejected from the host galaxy
(e.g. Bertone, De Lucia & Thomas 2007). The result of these feedback mechanisms
would be a reduction of the star formation rate, and the total stellar mass within the
galaxy would be lower. This decreased amount of stellar mass added via SF would
also result in the stellar mass added via star formation having a decreased effect on the
total size growth and morphological change.
We also use a very simple model to describe the stellar migration that is limited to
the extent of the z850 band profiles. This means that we can not accurately measure
how large values of stellar migration would affect the sizes and structural properties of
our massive galaxies. However even though we cannot accurately measure the Se´rsic
index or the effective radius of the simulated galaxies with larger values of the stellar
migration, we find that the stellar mass begins to be distributed evenly over all radii,
with increasing amounts of stellar mass lost outside the confines of the simulation.
The amount of stellar mass added via star formation moved by migration is constant
for each galaxy but is distributed over wider areas for larger values of stellar migration.
This results in the stellar mass density added via star formation to individual regions
of the massive galaxies dropping to increasingly smaller values. This implies that
with larger values of stellar migration, the stellar mass density added via star forma-
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tion would have an increasingly smaller effect on the total stellar mass density profile.
Therefore even if larger values of stellar migration could be simulated in this study the
change in Se´rsic index and effective radius after star formation evolution and migration
would be negligible.
Stellar migration has also been found, in simulations, to be most affected by spiral
arms in galaxies (Rosˇkar et al. 2011). 73% of the sample of massive galaxies have a
low Se´rsic index, n < 2.5, implying a disk-like morphology. Within these galaxies we
may assume therefore that stellar migration via disk features may take place, but this is
far from certain. A few of the galaxies in our sample have a high Se´rsic index, n > 2.5,
implying an early-type morphology, and within these galaxies stellar migration is less
understood. This does not imply that stellar migration does not take place in these
galaxies but it must occur by other processes than those involving disks. Also, as
stated in §2.4.3 we cannot reliably distinguish disk-like galaxies in our sample using a
Se´rsic index cut because we cannot rule out that some of the galaxies with n > 2.5 do
not have spiral like features (e.g. Buitrago et al. 2013; Mortlock et al. 2013).
2.5.4.1 Evolutionary models
In this chapter we extrapolate the star formation evolution using an exponentially de-
clining star formation model based on SED derived τ values. This value can be uncer-
tain so we explore different models of evolution that the star formation could follow
down to z = 0. Firstly we do not investigate an exponentially increasing SFR evolution
model because previous studies (e.g. Papovich et al. 2011) show that galaxies at z < 3
are not well described by this SF history. Therefore we investigate the SF evolution
models of: constant SFR to z = 0, constant SFR to z = 1.5, maximum valid tau and
minimum valid tau.
• Constant SFR0 to z = 0: This model of evolution assumes that the massive
galaxies we observe at z > 1.5 have a very large reservoir of gas and can con-
tinue the observed SFR over the next 10Gyr. This evolutionary method produces
galaxies in the local universe with very high star formation rates compared to the
galaxies we observe (e.g. Conselice et al. 2007). This combined with the fact
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that over the course of their evolution these galaxies will have accumulated sig-
nificant amounts of stellar mass with the average massive galaxy in this sample
increasing its total stellar mass by ∼ 1500%. This large amount of stellar mass
added to the galaxies increases the value of Re by 80± 20%. This is an increase
of a factor of 5 over the derived tau model in effective radius growth, but still
only 16− 27% of the observed size evolution. This model of evolution is highly
unlikely due to the many features of this model that we do not observe in the
local universe, such as very large stellar mass growth leading to very massive
galaxies with stellar masses over 1013M⊙ (e.g. Brammer et al. 2011; Conselice
et al. 2011; Mortlock et al. 2011, all find that the stellar mass growth at the mas-
sive end of the luminosity function is on the order of 200% from z > 1.5 to 0)
and very high star formation rates of 100’s of solar masses per year.
• Constant SFR0 to z = 1.5: This model of SF evolution is based on the observa-
tion that the majority of massive galaxies at z < 1.4 have old stellar populations
and red colours (e.g. Conselice et al. 2007: Mortlock et al. 2011, Gru¨tzbauch
et al. 2011). This would imply that these galaxies have turned off their SF before
z = 1.5. To model this we employed a constant observed SFR until z = 1.5 at
which point the SFR is reduced to 0. In this evolution scenario the total stellar
mass of the massive galaxies is increased by 126 ± 20%. The effective radii in
this model are increased on average by 37±19%. This is a factor of ∼ 2.5 larger
than the increase from the derived tau model. This is still insignificant compared
to the total observed size increase. This model has a very similar effect on the
change in n, ∆n = −1.1± 1.1, as the derived tau model.
• Maximum valid tau to z = 0: In this model of evolution we use the largest
value of tau derived for our galaxy sample, τ = 2.71 × 109yr. We apply this
exponentially declining rate to all the galaxies in the sample. In this scenario we
obtain a large average increase in total stellar mass of the sample of 377±172%.
The change in the effective radii of this model is on average Re = 57 ± 33%
a factor of ∼ 3.8 larger than the derived tau model of evolution. This increase
in effective radius is still only ∼ 11 − 19% of the observed size evolution. The
change in n for this model, ∆n = −1.5±1.7 is similar to change for the derived
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tau model.
• Minimum valid tau to z = 0: This model is similar to the previous model, except
that the minimum valid tau, τ = 1.2× 108yr, is used to extrapolate the SF. This
would give the shortest time scale that the SF would occur. In this model the
average galaxy in the sample increases its stellar mass by only ∼ 17%. This
very small increase in mass is accompanied by an equally small change in Re,
average ∆Re = 3± 1%, and n, ∆n = −0.4± 0.6.
From this investigation of different models of SF evolution to z = 0 we find that the
value in the increase of the effective radii of the massive galaxies can at no point fully
explain the total observed size increase. The valid models of SF evolution that we
applied can only produce a factor of ∼ 3.8 times larger than the size increased we
obtained from using the derived tau model at maximum. The change in Se´rsic index in
all the models are within the error consistent with the answer obtained from the derived
tau model used in this chapter.
2.5.4.2 Dust Gradients
In this chapter we assume that the dust obscuration is constant across the radius of
individual galaxies. From studies of local and distant studies this may not be the case.
Colour gradients in the local universe have been shown to correspond to age and dust
gradients (e.g. Boquien et al. 2011; Smith et al. 2012).
We apply a dust gradient to our sample of massive galaxies that allows the attenuation
due to dust to vary within the given error across each galaxy. This is done in two
ways. A positive dust gradient with higher attenuation towards the outer regions of the
galaxy, and a negative dust gradient with higher dust attenuation towards the central
regions of the galaxy.
In the positive gradient case we find that the average increase in the effective radius
was 68 ± 36% larger than the original measured effective radius. This is a factor of
∼ 4.5 larger change than the growth in Re we obtain from using a radially constant
dust correction. From this gradient the change in n is largely the same as before but
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with a much larger scatter, ∆n = −0.9± 2.0. The positive gradient could contribute a
maximum of ∼ 23% to the 300− 500% size growth.
In the negative gradient case we find that the average increase in Re is minimal, ∆Re =
7 ± 3%. This small increase in the effective radius is accompanied by a change in n
that is very similar to most other cases, ∆n = −1.0± 1.0. This negative gradient case
would seem to produce a very small increase in the effective radii of our sample and
only contribute a maximum of ∼ 2% to the total observed size growth.
Neither of the gradient cases that we applied to the sample are able to fully explain the
observed size growth or observed change in Se´rsic index.
2.6 Summary
We investigate the resolved star formation properties of a sample of 45 massive galax-
ies (M∗ > 1011M⊙) within a redshift range of 1.5 ≤ z ≤ 3 detected in the GOODS
NICMOS Survey, a HST H160-band imaging survey. We derive the star formation rate
as a function of radius using rest frame UV data from deep z850 ACS imaging. The star
formation present at high redshift is then extrapolated to z = 0, and we examine the
stellar mass produced in individual regions within each galaxy. We also construct new
stellar mass profiles of the in situ stellar mass at high redshift from Se´rsic fits to rest-
frame optical, H160-band, data. We combine the two stellar mass profiles to produce
an evolved stellar mass profile.
We then fit a new Se´rsic profile to the evolved profile, from which we examine what ef-
fect the resulting stellar mass distribution added via star formation has on the structure
and size of each individual galaxy. In summary:
• We find three different profiles of star formation within the massive galaxies in
this sample, Non-significant Star Formation Growth (NG), Outer Star Formation
Growth (OG) and Inner Star Formation Growth (IG) (see §2.3.3). With most
of this sample of massive galaxies falling in to NG class using the derived tau
model of evolution.
• We find that the star formation we observe at high redshift, and its effects on
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galaxy sizes, is not large enough to fully explain the observed size evolution of
effective radius of ∼ 300 − 500%. Star formation alone can only produce an
increase in effective radius on the order of ∼ 16% over the whole sample. This
value can vary as much as a factor of 4.5 by using different evolution mecha-
nisms but is always insufficient to fully explain the observations.
• We find that over the whole sample of massive galaxies the stellar mass added
via star formation has a slight effect on the Se´rsic index of the evolved galaxy
profile such that they decrease. This indicates that the star formation within these
galaxies follows the same radial distribution as the original stellar mass profile.
This also implies that star formation evolution has a minimal effect on structural
evolution between z ∼ 3 and the present day.
• The increase in effective radius can be enhanced by adding in the effects of stellar
migration to the stellar mass created via star formation. This increases the total
effective radius growth to ∼ 55%, which is still however much smaller than the
total observed size increase.
We conclude that due to the lack of sufficient size growth and Se´rsic evolution by star
formation and stellar migration other mechanisms must contribute a large proportion
to account for the observed structural evolution from z > 1 to the present day. Recent
studies by Bluck et al. 2011) have found that minor and major mergers have a large
influence on the size of massive galaxies possibly contributing the remaining 80% of
size growth needed to explain the observed trends. Large surveys such as CANDELS
and future telescopes such as JWST and E-ELT will provide the quality of data that
is required to explore the star formation locations of lower mass galaxies and probe
resolved star formation at higher redshifts for similarly massive galaxies.
Chapter 3
Minor vs Major Mergers: The Stellar
Mass Growth of Massive Galaxies
from z=3 using Number Density
Selection Techniques
3.1 Introduction
The main process by which galaxies acquire their stellar mass and gas is still an open
question in galaxy formation. We know from galaxy stellar mass functions that galax-
ies increase in stellar mass over time (e.g. Cole et al. 2001, Pe´rez-Gonza´lez et al.
2008b, Ilbert et al. 2010, Mortlock et al. 2011, Muzzin et al. 2013). We also know
that there are at least two primary processes via which galaxies can increase their stel-
lar mass; star formation and merging of pre-existing galaxies. However, it has been
very difficult to disentangle these two processes primarily as it is challenging to link
descendants and progenitors of galaxies at different redshifts.
A common solution for linking galaxies at different redshifts is to examine galaxies
at a fixed stellar mass. This is however only truly effective at selecting galaxies that
have undergone passive evolution over the examined redshift range, e.g. luminous red
galaxies (e.g. Wake et al. 2006) assuming there are no mergers. However the general
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population of galaxies at high redshift are not passively evolving but show signs of
recent large amounts of star formation (e.g. Daddi et al. 2007, Bauer et al. 2011,
Ownsworth et al. 2012 , van Dokkum et al. 2013) and mergers (e.g. Conselice 2006b,
Bluck et al. 2009, 2012).
Recent studies (e.g. van Dokkum et al. 2010, Papovich et al. 2011, Conselice et al.
2013, Marchesini et al. 2014, Lundgren et al. 2014) introduced a new approach to help
solve this problem by tracing galaxies at a constant number density. This approach as-
sumes that the relative number density of the most massive galaxies does not evolve i.e.
they undergo very few mergers with galaxies of similar stellar mass over the redshift
range studied. This technique has been used to examine the evolution of a number of
galaxy properties e.g. star formation histories at z > 3 (Papovich et al. 2011, Salmon
et al. in prep), as well as structural parameters and stellar mass (van Dokkum et al.
2010, Patel et al. 2013, Conselice et al. 2013). Semi-analytical methods have shown
the constant number density selection to be a considerable improvement in tracking
the evolution of an individual galaxy population over 0 < z < 3 compared to previous
mass selection techniques (Leja, van Dokkum & Franx 2013).
Using a constant number density selection to trace galaxy population however does
have its limitations. For example, Behroozi et al. (2013) and Leja, van Dokkum &
Franx (2013) find that a constant number density selection in semi-analytical models
over the redshift range of z = 0 to z = 3.0 could only reproduce the median stellar
mass growth of descendants of the most massive galaxies to within 40% of the “true”
value in the model. This offset can be reduced to 12% when this number density is
adjusted for the galaxies destroyed via mergers. In practice however, we are just now
starting to measure the merger history with any accuracy. To make further progress
with tracing galaxy populations through time the number density selection must be
adjusted at each redshift to account for major mergers that occur within this population.
Mergers are of course important in themselves, as in the hierarchical picture of galaxy
formation massive objects form by the merging together of smaller objects. As such,
galaxies will be undergoing mergers at all redshifts. Over a wide range of redshifts
(0 < z < 3) close pair and morphological methods find a positive evolution of the
major merger fraction with redshift (e.g. Bluck et al. 2009, 2012, Bridge, Carlberg &
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Sullivan 2010). From a theoretical perspective, in the Λ Cold Dark Matter paradigm
dark matter halos form from the bottom up, with larger halos created at later times
(e.g. Lacey & Cole 1993b, Springel et al. 2005). As galaxies lie inside these haloes
they trace the underlying dark matter distribution, and therefore we expect these to
undergo hierarchical growth as well. However, it has been shown that some massive
galaxies exist and have old stellar populations in place at high redshifts (e.g.McCarthy
et al. 2004, Daddi et al. 2005, Bauer et al. 2011, Mortlock et al. 2011, Hartley et al.
2013). This implies that these galaxies must undergo rapid evolution at early times in
the universe, or that some distant mergers are ’dry’.
Galaxy formation is likely driven, at least in part, by mergers. But there are other pro-
cesses that account for the build up of stellar mass, most especially the star formation
rate. The peak in the volume averaged star formation rate for all galaxies in the Uni-
verse occurs in the redshift range of 1.5 < z < 2.5 (e.g. Madau et al. 1996, Hopkins
& Beacom 2006, Tresse et al. 2007, Wilkins, Trentham & Hopkins 2008, Behroozi,
Wechsler & Conroy 2013). Within this epoch, the star formation rate in typical galax-
ies is an order of magnitude higher than in the local universe (e.g. Reddy & Steidel
2009). Studies of massive galaxies show a similar trend whereby at high redshift they
experience high star formation rates (SFRs) that decrease towards lower redshifts (e.g.
Daddi et al. 2007, van Dokkum et al. 2010, Bauer et al. 2011 Ownsworth et al. 2012).
However, the SFRs of the most massive galaxies in the Universe peaks earlier than the
total galaxy population at around z ∼ 3 (Papovich et al. 2011). This reveals that the
galaxy population is experiencing the effects of downsizing, wherein the most massive
galaxies shut off their star formation before lower mass objects.
There also exists a tight correlation and a low scatter between SFRs and stellar mass
over a large range of redshifts for star forming galaxies (Daddi et al. 2007, Noeske
et al. 2007, Pannella et al. 2009, Magdis et al. 2010). These studies suggest that mas-
sive galaxies at high redshift sustain high levels of star formation for extended amounts
of time. The high star formation rates (SFRs) experienced by massive galaxies are fu-
elled by the large cold gas fraction found in galaxies at high redshift compared to low
redshift (e.g. Tacconi et al. 2010). The high levels of star formation in massive galax-
ies would however exhaust these gas reservoirs on very short time scales, ∼ 500Myr
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(Conselice et al. 2013). Therefore it can be inferred that the difference between the
integrated SFR and the total stellar mass must correspond to the stellar mass acquired
via mergers over 0.3 < z < 3.0.
We present a study of the stellar mass growth of the progenitors of local massive galax-
ies at a number density of n < 1 × 10−4Mpc−3 in the redshift range 0.3 < z < 3.0
by examining all of their processes. We indirectly measure the minor merger rates of
the progenitors of local massive galaxies at early cosmic times using a major merger
adjusted number density technique. From this we measure the relative contributions
of star formation, major, and minor merger to the total stellar mass growth of these
progenitor galaxies. This will help us understand how and when the most massive
galaxies in the universe assembled their stellar mass.
The chapter is set out as follows: §3.2 discusses the Ultra Deep Survey and how the
data used in this chapter was obtained including the redshifts, stellar masses and star
formation rates. §3.3 discusses the galaxy number density selection methods. §3.4.1
presents the results of the stellar mass growth of the progenitors of massive galaxies
from z = 3.0. §3.4.2 presents the star formation history of the progenitors of massive
galaxies from the two selection methods. In §3.4.3 we calculate the contribution of
minor mergers to the total stellar mass growth. §3.4.4 examines the contributions of all
stellar mass growth processes over the redshift range of 0.3 < z < 3.0. In §3.4.5 we
use the results from this chapter to examine the implications for the cold gas accretion
rate from the intergalactic medium of the progenitors of local massive galaxies. Finally
§3.5 summarises our findings.
Throughout this chapter we assume ΩM = 0.3, Ωλ = 0.7 and H0 = 70 km s−1 Mpc−1.
AB magnitudes and a Chabrier IMF are used throughout.
3.2 Data and Analysis
3.2.1 The UDS
This work is based on the 8th data release (DR8) of the Ultra Deep Survey (UDS;
Almaini et al in prep.), which is the deepest of the UKIRT (United Kingdom Infra-Red
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Telescope) Infra-Red Deep Sky Survey (UKIDSS; Lawrence et al. 2007) projects. The
UDS covers 0.77 deg2 in J, H, K and the limiting magnitudes (AB), within an aperture
of 2 arcsec and at a 5σ level, are 24.9, 24.2, 24.6 in J, H, K respectively. It is the
deepest infra-red survey ever undertaken over such an area. It benefits from an array
of ancillary multi-wavelength data: U-band data from CFHT Megacam (Foucoud et
al. in prep); B,V, R, i′ and z′ -band data from the Subaru-XMM Deep Survey (SXDS;
Furusawa et al. 2008); infrared data from the Spitzer Legacy Program (SpUDS, PI:
Dunlop). All of these are fundamental for the computation of accurate photometric
redshifts, stellar masses and rest-frame magnitudes. The galaxy catalogue employed in
this work is K-band selected and contains approximately 96000 galaxies. This survey
reaches a depth of KAB=24.4, which was determined from simulations and guarantees
a 99% completeness level. See Hartley et al. (2013) for more details.
The depth and wavelength of the UDS allows us to study the distant Universe with
fewer biases against red and dusty galaxies, which could otherwise be completely
missed in ultraviolet and optical surveys.
3.2.2 Redshifts
Photometric redshifts are determined by fitting template spectra to photometry from
the following bands: U, B, V, R, i′, z′, J, H, K, 3.6µm and 4.5µm, with a K-band
apparent magnitude prior. The package employed for the template fitting was EAZY
(Brammer, van Dokkum & Coppi, 2008). The template fitting makes use of the stan-
dard six EAZY templates and an extra one, a combination of the bluest EAZY template
with a small amount SMC-like extinction (Prevot et al., 1984). Furthermore, ∼1500
spectroscopic redshifts from the UDSz programme (an ESO Large Programme; PI Al-
maini) are also used to train the fitting procedure. Following the comparison to spec-
troscopic redshifts from the UDSz programme, and ∼4000 archival spectroscopic red-
shifts, and the removal of obvious AGN and catastrophic outliers (δz/(1+ z) > 0.15),
the dispersion between the photometric and the spectroscopic redshifts is measured as
δz/(1 + z) ∼ 0.031 (Hartley et al. 2013).
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3.2.3 Stellar Masses & SED fitting
The stellar masses and rest-frame colours of our sample are measured using a multi-
colour stellar population fitting technique. For a full description see Mortlock et al.
(2013) and Hartley et al. (2013). Synthetic spectral energy distributions (SEDs) con-
structed are from the stellar populations models of Bruzual & Charlot (2003) to the
U, B, V, R, i′, z′, J, H, K bands and IRAC Channels 1 and 2, assuming a Chabrier
initial mass function. The star formation history is characterised by an exponentially
declining model with various ages, metallicity and dust content of the form
SFR(t) = SFR0 × exp(−t/τ) (3.1)
where τ ranges between 0.01 and 13.7 Gyr and the age of the onset of star formation
ranges from 0.001 to 13.7 Gyr. Templates that are older than the age of the Universe
at the redshift of the galaxy being fit are excluded. The metallicity ranges from 0.0001
to 0.1 solar, and the dust content is parametrised, following Charlot & Fall (2000), by
τv, the effective V-band optical depth. τv ranges from 0.0 to 2.5 with a constant inter-
stellar medium fraction of 0.3. The Charlot & Fall (2000) dust model dust attenuation
is proportional to λ−0.7 the normalization of the curve is lowered typically by a factor
of 3 after 107 yr to account for the dispersal of the birth clouds. To fit the SEDs they
are first scaled in the observed frame to the K-band magnitude of the galaxy. Then they
are fit to each scaled model template in the grid of SEDs to the measured photometry
of each individual galaxy. The calculated χ2 values for each template are used to
select the best fitting template, obtaining a corresponding stellar mass and rest-frame
luminosities. Hartley et al. (2013), following the method from Pozzetti et al. (2010),
found the 95% mass completeness limit of log(Mlim) = 8.27+0.81z−0.07z2. Galaxies
that fall below Mlim are not used in the subsequent analysis.
3.2.4 Galaxy Structural Parameters
The structural parameters are measured on ground based UDS K-band images using
GALAPAGOS (Galaxy Analysis over Large Area: Parameter Assessment by GALFITing
Objects from SEXTRACTOR; Barden et al. 2012). This program uses SEXTRACTOR
and GALFIT to fit Se´rsic light profiles (Se´rsic 1968) to objects in the UDS field. A
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Se´rsic light profile is given by the following equation:
Σ(R) = Σe × exp
(
−bn
[(
R
Re
)1/n
− 1
])
(3.2)
Where Σ(R) is the surface brightness as a function of the radius, R; Σe is the sur-
face brightness at the effective radius, Re; n is the Se´rsic index and bn is a function
dependent on the Se´rsic index. The sizes (effective radius) are calibrated with galaxy
sizes derived from the UDS area from the Hubble Space Telescope (HST) Cosmic As-
sembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS) (Grogin et al.
2011, Koekemoer et al. 2011) by van der Wel et al. (2012). For a full description of
this method see Lani et al. (2013). Lani et al. (2013) show that the ground based size
measurements are reliable for galaxies with K < 22 in the UDS. In Sections 3.4.5 and
3.4.6 galaxies that fall below K < 22 are not used in the subsequent analysis.
3.2.5 Star Formation Rates
We determine the star formation rates within galaxies over the redshift range 0.3 <
z < 3. Determining the star formation activity at these redshifts is however not trivial.
Infra-red observations are useful indicators of dust heating due to star formation, but
the Spitzer Space Telescope observations are not deep enough to accurately detect a
full mass selected sample of galaxies as only a small number (∼ 10%) of the whole
sample are detected at 24µm above a flux limit of 300µJy (Conselice et al. 2013, Hilton
et al. 2012).
The SED fitting procedure described in §3.2.3 also cannot be used to retrieve a value
for the 24µm flux for our sample due to the lack of constraints from photometric data
points in this part of the spectrum. However the photometric bands used in the SED
fitting correspond to the rest-frame UV, optical and near infra-red wavelengths over the
redshift range of this survey and therefore this part of the spectrum is well constrained.
This enables us to use the dust corrected rest frame UV as an indicator of the star
formation rate of these galaxies.
Minor vs Major Mergers: The Stellar Mass Growth of Massive Galaxies from
z=3 using Number Density Selection Techniques 70
3.2.5.1 UV SFRs
The rest-frame UV light traces the presence of young and short-lived stellar popula-
tions produced by recent star formation. The star formation rates can be calculated
from scaling factors applied to the luminosities. These scaling factors are dependent
on the assumed IMF (Kennicutt 1983). However, UV light is very susceptible to dust
extinction and a careful dust correction has to be applied. The correction we use here
is based on the rest frame UV slope as explained in the following section.
The raw 2800A˚ NUV star formation rates (SFR2800,SED) used in this chapter are
obtained from the rest-frame near UV luminosities measured from the best fit SED
model found in the stellar mass fitting. We determine the dust-uncorrected SFRs,
SFR2800,SED,uncorr, for z = 0.5 − 3 galaxies from applying the Galaxy Evolution Ex-
plorer (GALEX) NUV filter to the best fit individual galaxy SED.
To measure the SFR we first derive the UV luminosity of the galaxies in our sample,
then use the Kennicutt (1998a) conversion from 2800A˚ luminosity to SFR assuming a
Chabrier IMF:
SFRUV (M⊙yr
−1) = 8.24× 10−29L2800(ergs s−1Hz−1) (3.3)
This however does not account for dust obscuration which can significantly influence
the measured SFR.
3.2.5.2 Dust Corrections
To obtain reliable star formation rates in the rest-frame ultraviolet, we need to account
for the obscuration due to dust along the line of sight. From the SED fitting in §3.2.3,
we obtain the best fitting value of the dust content of individual galaxies from a course
binning of dust values that are allowed to take values up to τv = 5. However, to
derive accurate SFR’s from the UV luminosity a more precise value of the dust content
is required. We therefore calculated the UV dust attenuation value from a different
method based on the shape of the UV region of a galaxy’s spectrum. Meurer, Heckman
& Calzetti (1999) found a correlation between attenuation du
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frame UV slope, β, for a sample of local starburst galaxies
fλ ∼ λβ (3.4)
where fλ is the flux density per wavelength interval and λ is the central rest wavelength.
Using the ten UV windows defined by Calzetti, Kinney & Storchi-Bergmann (1994)
we measure β values from the best fitting SED template. This can be done as the
redshift range we examine has well calibrated UV SED fits due to many of the input
photometric bands lying in the UV part of the spectrum. This β value is then converted
to a UV dust correction using the Fischera & Dopita (2005) (FD05) dust model.
However, recent work by Wijesinghe et al. (2010, 2012) on local galaxies using the
GALEX probe has shown that a FD05 dust model with the 2200A˚ feature removed is
a better correction to the general population of galaxies than the Calzetti (2001) dust
model, which is mainly applied to only highly star forming systems. We note that at
the wavelength range we examine in this chapter there is very little difference in the
dust correction given by the two models.
Using the Meurer, Heckman & Calzetti (1999) description of the attenuation, and con-
verting it to attenuation at 2800A˚ using the FD05 dust model, we derive the equation:
A2800 = 1.67β + 3.71 (3.5)
One caveat in correcting for the dust extinction in this way is that the β parameter is
also affected by the age of the stellar population. A galaxy with an old and passive
stellar population will, in the UV part of the spectrum, look very similar to a very
highly dust extincted young and star forming galaxy population. This is a problem that
can cause massive galaxies to artificially appear to have a very high dust content and
thus high star formation rates.
This problem can be corrected via selecting out the galaxies that are passive via other
methods. For these galaxies we can assume the β parameter will be driven by the old
stellar populations, not dust attenuation. The selection we use is based on the U, V and
J Bessel band rest frame luminosities. These were used by Williams et al. (2009) to
select evolved stellar populations from those with recent star formation at z < 2. This
technique is also used in Hartley et al. (2013) to extend the passive galaxy selection
out to higher redshifts. The selection criteria for passive galaxies are as follows:
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U − V > 0.88× V − J + 0.69(z < 0.5) (3.6)
U − V > 0.88× V − J + 0.59(0.5 < z < 1.0) (3.7)
U − V > 0.88× V − J + 0.49(z > 1.0) (3.8)
with U − V > 1.3 and V − J < 1.6 in all cases. The objects that are selected via
this method are assigned to a passive category of galaxies. The dust correction derived
from the β parameter therefore is not used when calculating the SFR for these systems.
To determine the dust content of passive galaxies we refer to recent studies from the
Herschel space mission. Bourne et al. (2012) show from stacking that star forming and
passive galaxies have similar dust masses. This possibly indicates that both populations
have a similar average UV dust correction. Therefore within a given redshift bin we
use the average dust attenuation from star forming galaxies with similar stellar masses
as the dust attenuation for passive galaxies. However if we assume these galaxies
contain no dust and therefore require no dust correction, then the star formation rates
for the passive galaxies are on average a factor of ∼ 3 lower than the average dust
corrected star formation rates. The effect of changing the dust correction is discussed
in sections 3.4.2, 3.4.3 and 3.4.4, but this does not significantly affect the conclusions
of this chapter. The true dust correction may lie between these two corrections we
apply here, implying that the two sets of SFRs for passive galaxies we present are
upper and lower bounds.
Although these criteria efficiently select galaxies with old stellar populations, there is a
possibility that the sample could still be contaminated by dusty star forming galaxies,
edge on disks or AGN. We minimise this contamination by using the wealth of multi-
wavelength data that is available in the UDS field. We cross match our sample with
surveys on the UDS field taken at X-ray and radio wavelengths.
For the X-ray we use data from the Subaru/XMM-Newton Deep Survey (Ueda et al.
2008) which covers the UDS field over the energy range of 0.5 keV to 10 keV. For
the radio we use Simpson et al. (2006) which utilises VLA 1.4 GHz data. We remove
any galaxies that have either a detection in the X-ray or radio to clean this sample of
AGN. This data will only effectively select out AGN at z . 1 due to the limits of these
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surveys, and will only be able to select the most radio loud and very active AGN at
higher redshifts.
Furthermore the 24µm data from the SpUDS provides a way to identify red objects that
harbour dust-enshrouded star formation. Therefore any objects with a 24µm detection
(300µJy, 15σ) are assumed to be dusty star forming objects. Any galaxy shown to be
passive via the UVJ selection criteria, but which has a 24µm source associated with it
will be reassigned to the star forming population and have a full UV dust correction
applied. In total ∼ 2% of objects selected via the UVJ criteria were reassigned to the
star-forming sample through this method.
Figure 3.1 shows SFR versus the stellar mass for all galaxies in the UDS galaxy sample
separated into redshift bins. The black points show galaxies that have been classified as
passive via the UVJ selection criteria, and blue points show the remaining star forming
galaxies. The dotted lines show the stellar mass limits corresponding to the number
density selection described in the following section derived from the integrated stellar
mass functions of the different galaxy selections. The dashed lines show relations
between the SFR and stellar mass of star forming galaxies found by Daddi et al. (2007)
at 1.4 < z < 2.5, Whitaker et al. (2012b) at 0 < z < 2.5 and Bauer et al. (2011) at
1.5 < z < 3.0. Our SFR2800 are in good agreement with these relations.
3.3 Sample Selection
In this study we use two selection methods, a constant and a merger adjusted galaxy
number density selection. The constant galaxy number density selection uses the num-
ber density of the most massive galaxies in the local universe to select the direct pro-
genitors of the most massive galaxies at higher redshifts. The merger adjusted galaxy
number density selection is a relatively new method that incorporates the measured
major merger rate of massive galaxies over the redshift range studied. This method
selects all of the progenitors of the most massive galaxies, and all major merger pro-
genitor galaxies. This selection method allows us to disentangle between the stellar
mass growth of major and minor mergers. In the following sections we describe these
two selection methods.
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Figure 3.1: The dust corrected UV star formation rates for all galaxies in the UDS sample as
a function of stellar mass. The black points show individual galaxies in the total UDS galaxy
catalogue that have been classified as passive using the UVJ criteria described in §3.5.2. The blue
points show individual star forming galaxies in the UDS galaxy catalogue. The red and green dotted
vertical lines show the stellar mass limits given in Table 3.1 and 3.3 denoting the stellar mass limits
of the constant number density (red) and major merger adjusted number density (green) selections.
The blue dot dashed line is the relation found in Daddi et al. (2007) denoting the relation between
the total stellar mass and star formation rate for star forming galaxies between 1.4 < z < 2.5.
The purple dashed line is the SFR stellar mass relation from Whitaker et al. (2012) using IR+UV
SFRS. The yellow treble dot dashed line is the SFR stellar mass relation from Bauer et al. (2011).
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3.3.1 Constant Galaxy Number Density (C-GaND)
A few studies to date have examined galaxy formation and evolution using galaxy
number density as a method of selecting galaxies over a large redshift range (e.g. van
Dokkum et al. 2010, Papovich et al. 2011, Conselice et al. 2013). Several studies have
shown that this method of selecting galaxies has several advantages. In the absence of
major mergers, or extreme changes of star formation, the number density of galaxies
above a given density threshold is invariant with time. These galaxies will grow in
stellar mass through star formation and minor mergers, but their number density will
stay constant.
In principle, selecting galaxies at a constant number density directly tracks the pro-
genitors and descendants of massive galaxies at all redshifts. A study by Leja, van
Dokkum & Franx (2013) showed that this technique is robust at linking descendant
and progenitor galaxies over cosmic time when applied to semi-analytic models that
trace individual galaxies evolving over the last eleven billion years.
In this study we select and compare galaxies at constant co-moving number density
values of n = 5 × 10−4Mpc−3, n = 1 × 10−4Mpc−3, and n = 0.4 × 10−4Mpc−3
at redshifts 0.3 < z < 3. We chose these number densities as a trade-off between
having a robust number of galaxies in the analysis at each redshift, and retaining a mass
complete sample at the highest redshifts. This number density range is comparable to
number densities used in other similar studies (e.g. Papovich et al. 2011 Conselice
et al. 2013).
We select our sample based on the integrated mass functions of the UDS field over the
redshift range of z = 0.3 to 3.0 from Mortlock et al (2014, in prep). Table 3.1 shows
the Schechter function fitted parameters. Figure 3.2 (a) shows the integrated mass
functions from Mortlock et al. (2014, in prep) and the lower stellar mass limits for
the constant number density selection. The values for the limits are listed in Table 3.2.
The arrows in the top left hand corner of Figure 3.2 show how the galaxy stellar mass
functions will change due to the two processes of stellar mass growth explored in this
chapter. Figure 3.3 shows, in green, the galaxies selected via this selection compared
to the whole galaxy sample over the redshift range in this study.
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(a)
(b)
Figure 3.2: The integrated stellar mass functions from z = 0.3 to z = 3 from Mortlock et al.
(2014, in prep). These integrated stellar mass functions gives us the co-moving number density
of all galaxies more massive than a given stellar mass. The large open black arrows indicate the
expected evolution due to star formation, minor mergers and major mergers. (a) We compare
galaxies at a constant number density by selecting galaxies at each redshift at limits of n(> M∗) =
1 × 10−4Mpc−3. The black dashed vertical line denotes the constant number density of 1 ×
10−4Mpc−3. The coloured arrows indicate the values ofM∗ that correspond to this number density
for each integrated stellar mass fraction. (b) The galaxy selection using an evolving number density
based on the major merger rate from Bluck et al. (2012). by selecting galaxies at each redshift such
that n(> M∗) equals the values for each redshift given in Table 3.3. The coloured dashed lines
denote the number density selection for each redshift. The coloured arrows indicate the values M∗
that correspond to this number density for each integrated stellar mass function.
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Figure 3.3: Stellar mass versus photometric redshift for the UDS galaxy parent sample. The blue
dashed line is a second order polynomial fit to the 95% mass completeness limit at that redshift
(Hartley et al. 2013). The green points indicate the galaxies selected via the constant number
density selection, and the red and green points combined show the galaxies statistically selected
via the evolving number density selection.
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Table 3.1: Stellar mass function Schechter function fitted parameters from Mortlock et al (2014,
in prep).
z log(M∗)(M⊙) Φ
∗(×10−4) α
0.3− 0.5 11.2± 0.1 7± 3 −1.4± 0.1
0.5− 1.0 11.1± 0.1 8± 3 −1.3± 0.1
1.0− 1.5 11.0± 0.1 8± 2 −1.3± 0.1
1.5− 2.0 11.0± 0.1 2± 2 −1.5± 0.2
2.0− 2.5 11.0± 0.1 2± 2 −1.5± 0.2
2.5− 3.0 11.1± 0.4 1± 1 −1.8± 0.2
Table 3.2: C-GaND stellar mass limits for a constant number density selected sample taken from
the integrated mass functions shown in Figure 2.2 from Mortlock et al (2014, in prep).
z log n(< M⊙)(Mpc
−3) Stellar Mass limit (logM⊙)
0.3− 0.5 -4.00 11.24± 0.07
0.5− 1.0 -4.00 11.24± 0.04
1.0− 1.5 -4.00 11.11± 0.04
1.5− 2.0 -4.00 10.86± 0.05
2.0− 2.5 -4.00 10.75± 0.07
2.5− 3.0 -4.00 10.54± 0.09
3.3.2 Merger Adjusted Galaxy Number Density (M-GaND)
Many studies to date have investigated the average number of major mergers (1:4 mass
ratio or greater) a massive galaxy experiences over cosmic time (e.g. Bluck et al.
2009, Bundy et al. 2009, de Ravel et al. 2011, Lo´pez-Sanjuan et al. 2012, Xu et al.
2012, Ruiz, Trujillo & Ma´rmol-Queralto´ 2013). Figure 3.4 shows the observed pair
fractions in the literature that investigated the major merger rates of massive galaxies
using similar methods. Using these merger fractions we can adjust the number density
selection to study the contribution of major mergers to the total stellar mass growth.
Using both the C-GaND and M-GaND selections we can separate the stellar mass
growth due to major mergers, star formation and indirectly minor mergers from the
total stellar mass growth. We do this using a number density selection that changes
due to the rate of major mergers that are occurring between redshift bins. From the
best fitting power law to the data shown in Figure 3.4 we quantify the fraction of major
merger events as:
fm = (0.009± 0.002)(1 + z)2.9±0.2 (3.9)
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where fm is the fraction of major merger events at redshift z. This relation is derived
using galaxies with stellar masses greater than log(M) > 11.0 at all redshifts. Bluck
et al. (2012) shows that the merger fraction relation with redshift does not change over
the stellar mass range of interest in this chapter.
In previous works the merger fraction has been converted into a galaxy merger fraction,
fgm. The galaxy merger fraction measures the fraction of galaxies in a population un-
dergoing a merger, The merger fraction measures the fraction of merger events within
a galaxy population. Using the galaxy merger fraction is appropriate when examining
the merger rates within a population. Using Mortlock et al. (2011) we calculate that
galaxies below the C-GaND stellar mass limits which are large enough to constitute a
1:4 stellar mass merger ratio are five times more numerous than galaxies larger than
the C-GaND stellar mass limits. Thus we calculate the number of major mergers using
fm.
From this we calculate the average time between mergers that a galaxy experiences at
a given redshift, Γ, as:
Γ = τm/fm (3.10)
where τm is a merger time-scale for for galaxy close pairs. We adopt a time-scale
over which merging is occurring for galaxy close pairs in a 1:4 or less mass ratio of
τm = 0.4 ± 0.2 Gyr derived from simulation results of Lotz et al. (2008). We use the
Γ value to calculate the average number of mergers between redshift bins using the
equation:
Nm =
∫ t2
t1
dt
Γ(z)
=
∫ z2
z1
1
Γ(z)
tH
(1 + z)
dz
E(z)
(3.11)
where z1 and z2 are the redshift limits of interest, tH is the Hubble time and E(z) =
[ΩM(1 + z)
3 + Ωk(1 + z)
2 + ΩΛ]
−1/2 = H(z)−1. Calculating this from z = 3.0 to
z = 0.3 we obtain Nm = 1.2 ± 0.5 as the average number of major mergers that the
galaxies selected via the C-GaND selection will undergo. The error on Nm is derived
from Monte Carlo techniques incorporating the error on τm and fm. N-body simula-
tions from Wetzel et al. (2008) suggest that pair fraction methods may overestimate
the number of true major mergers, as massive galaxies pairs may have high relative
velocities. However, also in Wetzel et al. (2008) they find that pair fraction can under-
estimate the number of true major mergers due to pairs at higher separations may also
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merge. If these are true, it suggests that the error on our merger fractions and merger
time-scales may be underestimated.
Using Equation 3.11 we calculate the average number of major mergers in each redshift
bin. We then compute the major merger adjusted number density via the equation:
nz(1) = nz(0) ∗ (1.0 +Nm,z(0−1)) (3.12)
where nz(0) is the co-moving number density of the massive galaxies at redshift z(0).
The value nz(1) is the number density of the progenitors of the galaxies at redshift z(0)
at z(1), where z(1) > z(0). Nm,z(0−1) is the average number of major mergers the
progenitor galaxies will experience between z(1) and z(0). Using this we find that the
number density of all the major merger progenitors of local massive galaxies increases
with look-back time by a factor of 2.2 ± 0.5 by redshift z = 3.0. The exact values
of the evolving number densities can be found in Table 3.3. Figure 3.2 (b) shows
the integrated galaxy mass functions and lower limit stellar mass cuts based on the
evolving number density. Figure 3.3 furthermore plots the galaxies selected via this
method in green and red compared to the total UDS galaxy population. Figure 3.5
shows the mean number of progenitor galaxies at each redshift.
Using a major merger adjusted number density selection method we in theory obtain
close to a complete sample of the major progenitors of local massive galaxies, in-
cluding the less massive galaxies that have merged during a major merger event with
the direct central progenitors over the redshift range 0.3 < z < 3.0. This selection
method also allows us to examine and disentangle the contributions to the total stel-
lar mass growth from major and minor mergers. We achieve this by examining how
the stellar mass density of the M-GaND sample evolves with redshift compared to the
C-GaND sample. The stellar mass density of the M-GaND sample contains both the
stellar mass of the progenitors of local massive galaxies and the stellar mass of the total
major merger progenitors. When examining other properties of massive galaxies, e.g.
size, across a large redshift range methods that select only the direct progenitors of the
local massive galaxies are appropriate.
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Figure 3.4: Observed galaxy pair fractions in the literature. Bluck et al. (2009) calculate the
merger fraction down to a stellar mass ratio of 1:4 for galaxies with log(M∗) > 11.0 using close
pairs within 30kpc. Bundy et al. (2009) calculate the merger fraction down to a stellar mass ratio
of 1:4 for galaxies with log(M∗) > 11.0 using close pairs within 20kpc. de Ravel et al. (2011)
calculate the merger fraction of galaxies with log(M∗) > 11.0 using close pairs within 30kpc and
∆B < 1.5. Lo´pez-Sanjuan et al. (2012) calculate the merger fraction down to a stellar mass ratio
of 1:4 for galaxies with log(M∗) > 11 using close pairs within 30kpc. Xu et al. (2012) calculate
the merger fraction down to a stellar mass ratio of 1:3 of galaxies with log(M∗) > 10.6 using close
pairs within 20kpc. Ruiz, Trujillo & Ma´rmol-Queralto´ (2013) calculate the merger fraction down
to a stellar mass ratio of 1:5 for galaxies with log(M∗) > 11.3 using close pairs within 100kpc.
The Ruiz, Trujillo & Ma´rmol-Queralto´ (2013) point has been modified to compensate for the large
close pair search radius. The dashed line is the best fit to all points with the form fm = A×(1+z)B
with A = 0.009± 0.002 and B = 2.9± 0.2.
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Figure 3.5: The mean number of major merger progenitor galaxies against redshift for galaxies
with n = 1 × 10−4Mpc−3 at z = 0.3. The solid black line is derived from equation 3.12. The
black hashed area shows the 1 sigma uncertainty on this relation. The y axis on the right hand side
shows how the number density of the major merger progenitors evolves with this relation.
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Figure 3.6: The mean stellar mass evolution of the modelled galaxies. Figure shows how well star
formation and major mergers within a given galaxy population is able to account for the change
in stellar mass. The blue dot dash line shows the best fit to the evolution of the mean stellar mass
of the C-GaND selected sample with n = 1 × 10−4Mpc−3. The blue hashed region shows the 1
sigma uncertainty on this relation. See Section 3.4.1 for more details. The green solid lines show
the evolution of the mean stellar mass of the galaxies with modelled stellar mass growth. The
green hashed regions show the standard error on the mean of these results. The stellar mass growth
modelling is described in Section 3.3.2.
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3.3.3 Limitations of the Method
One caveat of selecting galaxies using cuts in stellar mass is contamination from lower
mass galaxies entering the sample at lower redshifts or galaxies dropping out due to
quenching. This arises due to galaxies below the stellar mass selection limit growing
in stellar mass between redshift bins via star formation and mergers. We model this
contamination using our knowledge of star formation rates and major merger rates.
The stellar mass of each individual galaxy is evolved to the next lowest redshift bin
by modelling the star formation histories and major mergers. The stellar mass added
via star formation is modelled by integrating the fitted declining τ model derived from
SED fitting for each individual galaxy. The stellar mass added via major mergers is
modelled by assigning each galaxy a probability that it will undergo a major merger
between redshift bins with a merger ratio between 1:1 and 1:4 with the likelihood of
each merger ratio defined by the galaxy stellar mass function. The probability of a
major merger is then converted to a number of merger events within a redshift bin by
using a Monte Carlo technique.
Adding together these two stellar mass evolution processes we calculate the evolved
stellar mass for each galaxy. We do not take into account the effect of minor merg-
ers as we do not fully understand the full influence these events have on the stellar
mass growth. Figure 3.6 shows how the mean stellar mass of the galaxies we evolve
compares to the evolution of the C-GaND sample. We find that at high redshifts the
modelling appears to more accurately trace the stellar mass evolution of the C-GaND
population than at lower redshifts. This could be due to a higher importance of mi-
nor mergers at lower redshifts. From this modelling we find that the number density
selection techniques used here has between a 20 − 30% contamination rate per red-
shift bin. However the contamination is, on average, three times lower than a constant
mass selection technique. We also note that the galaxies with the highest probability of
contaminating the sample arise from galaxies within 0.15 dex below the stellar mass
limits.
When using a merger adjusted number density selection, the exact stellar mass of the
smaller galaxy within a major merger is unknown as it could be any galaxy within the
mass ratio of 1:4. The selection we use here to construct the M-GaND sample provides
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Table 3.3: M-GaND stellar mass limits for the evolving number density sample taken from the
integrated mass functions shown in Figure 2.2 from Mortlock et al (2014, in prep). Starting at
log(n)= −4.0 in the z = 0.3− 0.5 redshift bin.
z log n(< M⊙) Stellar Mass limit (logM⊙)
0.3− 0.5 −4.00 11.24± 0.07
0.5− 1.0 −3.96± 0.01 11.22± 0.04
1.0− 1.5 −3.87± 0.02 11.05± 0.05
1.5− 2.0 −3.78± 0.03 10.73± 0.05
2.0− 2.5 −3.72± 0.04 10.56± 0.09
2.5− 3.0 −3.65± 0.05 10.27± 0.10
a hard upper limit on the amount of stellar mass that can be assembled via major
mergers. This is because we select the most massive galaxies that fall below the C-
GaND selection limit at each redshift. However, constructing the M-GaND sample this
way does result in an apparently sequential merger process i.e., less massive satellites
merge first. This is counter to recent findings (e.g. Lo´pez-Sanjuan et al. 2012, Xu et al.
2012). The stellar mass accretion rates calculated by this work are derived from the
total stellar mass densities of both samples, the exact sequence of mergers therefore
does not affect the results.
3.4 Results
3.4.1 Stellar Mass Growth
Figure 3.7 shows the evolving mean stellar mass per progenitor for both the C-GaND
and M-GaND selected galaxies as a function of redshift and look back time. This
represents for the M-GaND sample the total stellar mass that has already been created,
but is in disparate objects. Figure 3.5 shows the mean number of disparate objects per
z = 0.3 galaxy at this redshift. The blue squares show the C-GaND selected sample
with n = 1 × 10−4Mpc−3 and the black circles show the M-GaND selected sample
starting at z = 0.3 with n = 1× 10−4Mpc−3. The blue dot dashed line shows the best
simple linear fit to the C-GaND data with the form:
M∗(z) = 11.56± 0.13− (0.26± 0.03)z (3.13)
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The hashed area denotes the 1 sigma errors on this fit. The fit to the C-GaND implies
that the direct progenitors of local massive galaxies with stellar masses of ∼ 4 ×
1011M⊙ assembled 75 ± 9% of their stellar mass at 0.3 < z < 3.0. This is consistent
with stellar mass growth rates found in other number density studies (e.g., Lundgren
et al. 2014, Marchesini et al. 2014)
3.4.2 Star formation history of massive galaxies from z = 3 to 0.3
Using the average SFRs of the two galaxy populations we investigate the average star
formation history of the massive galaxies over the range 0.3 < z < 3.0. Figure 3.8
shows the evolution of the dust corrected average SFR of the C-GaND and M-GaND
galaxy populations. We observe that there is very little difference in the mean SFRs of
the two samples, and there is a smooth decrease in the SFR from z = 3 to 0.3. This
decline can be fit by an exponentially declining model of the form:
SFR(t) = SFR0 × exp(−t/τ) (3.14)
with τ = 2.3±0.6 Gyr for the C-GaND sample and τ = 2.3±0.6 Gyr for the M-GaND
sample. This in contrast to the SFRs of massive galaxies at z & 3 which appear to be
best fit with an increasing SFR model peaking at z ≃ 3.0 (e.g. Papovich et al. 2011).
We compare the star formation history for both galaxy samples to the star formation
histories obtained for the same galaxies derived from SED fitting (see §3.2.3). We find
that the average star formation history from SED fitting, τSED = 2.3± 0.9 Gyr, is very
similar but with a larger error. We also examine how the star formation history of a
population of galaxies varies as a function of the galaxy number density.
We examine the star formation histories within a range of number densities from n =
5× 10−4Mpc−3 to 4× 10−5Mpc−3. We observe a slight change in the τ values within
the number density selected samples. The C-GaND selection has τ ranging from 2.4±
0.5 Gyr at n = 5 × 10−4Mpc−3 to 2.2 ± 0.5 Gyr at n = 0.4 × 10−4Mpc−3. The
M-GaND sample cannot be examined over the same range due to the galaxy sample
dropping below the mass completeness limits at number densities lower than n =
1×10−4Mpc−3. Therefore we examine it over a smaller range in number density from
the studied n = 1× 10−4Mpc−3 to 0.4× 10−4Mpc−3. The value for τ obtained from
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Figure 3.7: The mean stellar mass of galaxies per progenitor selected using the two number density
selections as a function of redshift. The blue squares denote galaxies selected via the constant
galaxy number density selection, and the black circles denote the major merger adjusted number
density selected galaxies. This represents for the M-GaND sample the total stellar mass that has
already been created, but is in disparate objects. The blue dot dashed line shows the best simple
linear fit to the C-GaND data with the blue hashed region showing the 1 sigma uncertainty. The
error bars are derived from Monte Carlo analyses incorporating the errors on stellar masses, redshift
and number density. The red squares show the integrated SFR of the C-GaND sample. This is
calculated from the average galaxy SFR in each redshift bin and incorporates stellar mass loss due
to stellar evolution derived from BC03 Chabrier model with sub-solar metallicity. The integrated
SFRs are best fit by a power law shown in Equation 3.16.
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Figure 3.8: The average SFR of galaxies selected at a constant number density of n = 1 ×
10−4Mpc−3 (Blue squares) and galaxies selected using the major merger corrected number den-
sity as a function of redshift (Black circles). The SFRs are derived from the dust corrected UV
luminosities. The average SFRs are fit with an exponentially declining model star formation his-
tory from z = 3.0 to 0.3. The blue and black dotted lines show the best fits to each data set. The
average SFRs are fit with an exponentially declining model star formation history from z = 3.0 to
0.3.
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the best fit to the SFRs at n = 0.4 × 10−4Mpc−3, is τ = 2.3 ± 0.6 Gyr, showing
the same trend as the C-GaND sample. We also fit this relation excluding the point
at z = 3.0 as it appears that galaxies possibly depart from the exponentially declining
model of SF at this redshift (Papovich et al. 2011). We find that even with excluding
this redshift bin we recover essentially the same result.
From Section 3.2.5.2 if we assume zero dust correction for passive galaxies the star
formation history for the n = 1 × 10−4Mpc−3 C-GaND sample changes to τnodust =
1.7 ± 0.7 Gyr, within the error of the full dust correction sample. This is also a hard
lower limit on the star formation history due to the dust correction applied.
Using the average SFRs of the C-GaND sample we examine the stellar mass contribu-
tion of the SFR to the direct progenitors of massive galaxies over time. We study this
directly by integrating the average SFRs from 0.3 < z < 3.0 to obtain a total stellar
mass added via SF. As the time scales involved within this integration are much larger
than the main sequence lifetimes of high mass stars we need to consider the effect of
the loss in stellar mass that will occur due to stellar evolution.
To do this we used Bruzual & Charlot (2003) stellar population models with vary-
ing metallicity from 1/50th solar, to solar, to estimate the fraction of the stellar mass
created via SF that will be lost between integration steps.
We do this by integrating the average star formation history in each redshift bin to
yield the stellar mass added via star formation between each redshift interval. We then
model the added stellar mass within each redshift bin as a zero age single stellar pop-
ulation and evolve it with time accordingly with the Bruzual & Charlot (2003) stellar
population model. The fraction of stellar mass that is lost due to stellar evolution, dic-
tated by the stellar population model, is removed from the added stellar mass. As an
example, these models show that after 1 Gyr of stellar evolution for a 1/2 solar metal-
licity system, ∼ 35% of the stellar mass produced at t= 0 has been lost due to stellar
evolution processes.
In the previous sections we examine the average total stellar mass growth of the se-
lected massive galaxy populations seen in Figure 3.7. Also in Figure 3.7 we plot the
integrated SFR of the C-GaND sample against redshift. From z = 3.0 the integrated
SFR is fitted using a power law of the form:
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log(MSFR(z)) = a− b ∗ (1 + z)c (3.15)
We find the best fit to all the free parameters for the n = 1 × 10−4Mpc−3 C-GaND
sample is: a = 11.2 ± 0.1, b = 2 ± 1 × 10−2 and c = 3 ± 1. We find that between
1.5 < z < 3.0 the stellar mass produced via the integrated SF can account for a large
fraction, ∼ 60%, of the total stellar mass growth over this redshift range. This implies
that SF is the dominant stellar mass growth process at these redshifts, and consequently
the stellar mass growth from mergers must be smaller in comparison at 1.5 < z < 3.0.
At lower redshifts, 0.3 < z < 1.5, the SF only accounts for ∼ 0.1 dex of stellar
mass growth, wherein at the same redshift the total stellar mass grows by ∼ 0.5 dex.
Using the results of this stellar mass build up in the C-GaND sample we calculate the
stellar mass added to the progenitor galaxies via all mergers across the redshift range
0.3 < z < 3.0. The total mass deficit between the total stellar mass and the integrated
SFR at z = 0.3 is ∆M∗ = (1.3 ± 0.6) × 1011M⊙. As the integrated SFR at low
redshift cannot account for the total stellar mass growth, mergers must be taking over
as the dominant process of formation for the progenitors of local massive galaxies at
z = 1.5. In the next section we use these results, plus the results from the M-GaND
selected galaxies to calculate the stellar mass added via minor mergers.
3.4.3 Galaxy Formation From Minor Mergers
As discussed before in §3.1 the main two methods for increasing a galaxy’s stellar
mass are star formation and mergers. Therefore the growth of the stellar mass density
(ρ∗) of a number density selected sample can be written as:
ρ∗(z0) = ρ∗(z1) +
∫ z1
z0
ρSFR(z) dz +
∫ z1
z0
ρm(z) dz (3.16)
where ρ∗(z0) and ρ∗(z1) is the stellar mass density of the sample at different redshifts,
where z1 > z0, and ρSFR(z) is the star formation rate density of the sample corrected
for stellar evolution. This is integrated over the redshift range of interest to give a total
stellar mass density added via star formation between z0 − z1. The value ρm(z) is the
stellar mass of all galaxy mergers, both major and minor mergers, per unit volume of
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Figure 3.9: The total, minor and major merger accretion rate as a function of redshift in units of
M⊙yr
−1
. This is calculated from the deficit between the integrated SFR and the observed mass
growth shown in Figure 3.7. The errors are calculated from Monte Carlo analyses incorporating
the errors on the redshift, total stellar mass and the star formation rate. The black squares show
the total merger rate, the blue upward pointing triangles show the minor merger rate and the purple
downward pointing triangles show the major merger rate.
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Figure 3.10: Growth rate of the number density selected galaxies as a function of redshift. The
total growth rate is derived from the total stellar mass evolution shown in Figure 3.7. The black
solid line shows the total stellar mass growth rate of the C-GaND sample. The hashed region
around the line show the 1 σ uncertainty of the stellar mass growth rates derived from our Monte
Carlo analysis. The red circles show the average SFR of the C-GaND sample. The black squares
show the calculated total merger rate for the C-GaND sample. The blue upward pointing triangles
show the minor merger rate and the purple downward pointing triangles show the major merger
rate. See §3.4.3 for full details on how these are derived. All error bars in this figure are derived
from Monte Carlo analysis incorporating the errors of stellar masses, redshifts, selection criteria
and SFRs.
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the sample, which can also be integrated over the redshift range to yield a total stellar
mass density added via mergers.
As we are selecting galaxies above a number density threshold, the total stellar mass
density added via mergers cannot be due to mergers within the selected population.
Within the M-GaND selection the stellar mass of all major mergers that are likely to
happen between 0.3 < z < 3.0 are already contained within the sample. Therefore
stellar mass density increase from the M-GaND sample must be added from galaxies
at higher number densities, or rather lower galaxy stellar mass (minor mergers).
The three variables ρ∗(z = 0.3), ρ∗(z = 3.0) and ρSFR(z) are known from the previous
sections in this study (see §3.4.1 and §3.4.2 respectively). From this we calculate, using
a rearranged Equation 3.16, that the total stellar mass density added via mergers over
the redshift range z = 0.3− 3.0 for the two samples are:∫ 3.0
0.3
ρm,C−GaND(z) dz = 13.9± 2.4× 106M⊙Mpc−3 (3.17)
∫ 3.0
0.3
ρm,M−GaND(z) dz = 10.2± 2.3× 106M⊙Mpc−3 (3.18)
The C-GaND selection result gives the total stellar mass density added via all mergers,
and M-GaND selection result gives the total stellar mass density added via only minor
mergers due to the selection encompassing all major merger progenitors. Therefore we
can write these values as:∫ 3.0
0.3
ρm,total(z) dz =
∫ 3.0
0.3
ρm,C−GaND(z) dz (3.19)
∫ 3.0
0.3
ρm,minor(z) dz =
∫ 3.0
0.3
ρm,M−GaND(z) dz (3.20)
From these values we also calculate the total stellar mass density added via major
mergers to the C-GaND sample using the follow equation:∫
ρm,major(z) dz =
∫
ρm,total(z) dz −
∫
ρm,minor(z) dz (3.21)
∫ 3.0
0.3
ρm,major(z) dz = 3.7± 3.3× 106M⊙Mpc−3 (3.22)
If we assume that the total merger rate has been constant over this redshift range
this equates to an average change in the stellar mass density due to major mergers
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of ρm,major = 4.6 ± 4.1 × 10−4M⊙Mpc−3yr−1, and an average change in the stellar
mass density due to minor merger of ρm,minor = 12.9±2.9×10−4M⊙Mpc−3yr−1 over
0.3 < z < 3.0. Factoring in the number density of these objects implies that the total
stellar mass accretion rate per galaxy from major mergers is 5 ± 4M⊙yr−1 and the
total stellar mass accretion rate per galaxy from minor mergers is 13± 3M⊙yr−1. The
large uncertainties on these results are due in the uncertainty on the minor merger rate
at high redshifts. This can be improved by better knowledge of the major merger rates
and stellar mass functions. However it is clear from observations that the major merger
rate is not constant across this redshift range but it not yet clear from observations if
the minor merger rate changes with redshift (e.g. Bluck et al. 2012). We also note
that the definition in terms of stellar mass for what is classified as a major and a minor
merger changes with redshift.
The results of Bluck et al. (2012), Lo´pez-Sanjuan et al. (2012), Xu et al. (2012), sug-
gest that the average satellite in a major merger is 0.5 times the central galaxy stel-
lar mass. Therefore, an alternative estimate for the expected increase in stellar mass
density due to major mergers is approximately 1.5 × Nm × ρm,C−GaND. When ap-
plying this method we obtain a stellar mass density increase due to major mergers of
5.6± 1.0× 106M⊙Mpc−3, which is broadly consistent with method of choice for this
work.
In the previous section we studied the difference in the integrated SFR and observed
stellar mass growth of massive galaxies as a function of time. In this section we calcu-
late the stellar mass deficit between the two relations and deduce the total stellar mass
accreted over 0.3 < z < 3.0 via mergers for the C-GaND sample, ∆M∗ = Mm,total =
1.4 ± 0.6 × 1011M⊙. Therefore 50 ± 20% of the stellar mass of a massive galaxy at
z = 0.3 is accreted via merger accretion events since z = 3.0. Dividing this figure into
minor and major merger events, 34± 14% of the total stellar mass of a massive galaxy
at z = 0.3 is accreted from minor merger events and 17 ± 15% is accreted from ma-
jor merger events. If we examine each redshift bin individually we can measure how
the stellar mass accretion rate has changed due to various processes across the redshift
range of this study.
In Figure 3.9 we show the calculated minor merger stellar mass accretion rate from
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Figure 3.11: The fraction of the total stellar mass created via SF since z = 3 (red) and the stellar
mass accreted from major mergers since z = 3 (purple) and the stellar mass accreted from minor
mergers since z = 3 (blue) for the direct progenitors of local logM∗ > 11.24 massive galaxies
corresponding to log n = −4.0 (C-GaND selected sample). (a) shows the total stellar mass growth
and (b) shows the growth as a fraction of the total stellar mass at each redshift including the in-situ
stellar mass at z = 3.0 (black). Uncertainties on the fractions are shown in Figure 3.12.
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the stellar mass density equations above applied to each redshift bin. Figure 3.10
shows the calculated minor merger rate compared to the SFR and stellar mass growth
rate. As before the total merger rate is derived from the C-GaND sample, and the
minor merger rate from the M-GaND sample. The two highest redshift bins have large
uncertainties due to the SFR dominating at these redshifts. This does not rule out
mergers at high redshift, but the effect caused via mergers must be small compared to
the SFR at the same redshift. By examining the major mergers we find that the major
merger accretion rate decreases towards lower redshifts. In Figure 3.10 we also find
that the major merger rate in all of our redshift bins is lower than the SFR, therefore
this implies that the major merger rate is at no point the dominant form of stellar mass
growth between 0.3 < z < 3.0.
The minor merger rate however increases towards lower redshifts. In the highest red-
shift bins the minor merger rate is within the error consistent with zero but this again is
due to the stellar mass added via the SFR being more significant at these times. Unlike
the major merger rate in Figure 3.10 we see that the minor merger rate does become
larger than the SFR at around z = 1.0. Consequently the minor merger rate alone is
the dominant form of stellar mass growth in the progenitors of local massive galaxies
at z < 1.
3.4.4 Relative contributions to the stellar mass
We compare the different stellar mass growth rates in massive galaxies for both selec-
tion criteria in Figure 3.10. The total stellar mass growth rate for the C-GaND sample
is derived from the best fit to the total stellar mass growth shown in Figure 3.7. We
see that the total stellar mass growth rate for massive galaxies has been declining since
z = 3.0. The blue points show the calculated minor merger rate as shown in Figure
3.9.
We convert the values of the SFR, major and minor merger rates into the total amount
of stellar mass created via these processes as a function of redshift shown in Figure
3.11. In Figure 3.11 (a) we see the contribution of the three processes to the total
stellar mass growth since z = 3.0. Figure 3.11 (b) shows the fractional contributions
of in-situ stellar mass at z = 3.0 (black), Integrated SFR (red), major mergers (purple)
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and minor mergers (blue) to the total stellar mass as a function of redshift. Figure 3.12
shows the errors on the fraction contributions derived from Monte Carlo analysis.
At our lowest redshift (z = 0.3) the in-situ stellar mass at z = 3.0 accounts for only
25 ± 2% of the total galaxy stellar mass. The stellar mass added via star formation
accounts for 24 ± 10%, and hence 51 ± 20% of the total galaxy stellar mass has been
accreted via minor and major mergers. Therefore half of the stellar mass in local
massive galaxies is not created within the galaxy, but has formed in other galaxies
and has later been accreted. This is assuming that the cold gas that fuels the ongoing
SFR originates from within the host progenitor galaxy, however this cold gas could
also be accreted from the merger events or from the intergalactic medium, which we
investigate in the next section. Within the mass obtained through mergers, 17±15% of
the total stellar mass has been accreted via major mergers, and the remaining 34±14%
via minor mergers. This implies that all three processes contribute approximately equal
amounts of stellar mass to the total stellar mass of local massive galaxies from z =
3 to 0.3. Our work would seem to be in agreement with recent work by Lee & Yi
(2013) that showed, using merger tree simulations, that the most massive galaxies can
obtain up to 70% of their low redshift total stellar mass from mergers and accretion
events. van Dokkum et al. (2010) using a different constant number density technique
than used in this chapter show that 40% of the total stellar mass of massive galaxies
(log(M∗) > 11.45) at z=0 was added through mergers and 10% through star formation
between 0 < z < 2. Over the same redshift range this work finds that ∼ 41% of the
total stellar mass of massive galaxies is added via all mergers and ∼ 16% is added
via star formation. Conversely to the study, previous works (e.g. Lo´pez-Sanjuan et al.
2012 Ferreras et al. 2013 Ruiz, Trujillo & Ma´rmol-Queralto´ 2013) have suggested that
major mergers may play a more prominent role with up to∼ 60% of a massive galaxies
stellar mass growth at z < 2 arising from major merger events.
If we assume that galaxies selected as passive via the UVJ selection technique have no
dust correction to their SFRs (see §3.2.5) these results change slightly. The fraction of
stellar mass created via star formation decreases to 14± 10%, A factor of two smaller
but within the errors quoted. Therefore the fraction of stellar mass accreted via all
mergers increases to 61 ± 15% this breaks down to 41 ± 10% via minor mergers and
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20 ± 10% via major mergers. The major merger fraction increases due to the objects
within the M-GaND sample being less affected by the change in dust correction.
3.4.5 Implications for gas accretion
In this section we use our measured evolution in the total stellar mass, SFR and mergers
to predict the evolution in the total cold gas mass in the progenitors of local massive
galaxies. We derive the cold gas mass surface density by using the global Schmidt-
-Kennicutt relation calibrated for nearby star forming galaxies. The relation takes the
form of:
ΣSFR = 1.7± 0.5× 10−4
(
Σgas
1M⊙pc−2
)1.4±0.15
M⊙yr
−1kpc−2 (3.23)
where ΣSFR is the surface density of star formation, and Σgas is the surface density
of cold gas (Schmidt 1959, Kennicutt 1998b). We calculate the star formation sur-
face density for each galaxy based on the effective radius, Re, obtained from GALFIT
fitting Se´rsic light profiles to the UDS K-band images (see §3.2.4). At high redshift
Ownsworth et al. (2012) showed that the rest frame optical light profile is a good
tracer for the profile of SF within massive galaxies. Using half of the measured SFR
and effective radius we obtain the gas mass surface density using a rearranged form
of Equation 3.23, to obtain the surface density of cold gas. From the surface den-
sity of cold gas we calculate the total cold gas masses contained within these galaxies
assuming a spherical geometry.
We can then express how the cold gas mass changes over time as:
Mg(t) =Mg(0) +Mg,M(t) +Mg,A(t)−
∫
MSFR +Mg,recy. (3.24)
This is similar to Conselice et al. (2013), where we have an expression for the total
gas mass of the galaxy at t=t, Mg(t), in terms of the total gas mass of the galaxy
at t=0, Mg(0), the total gas mass accreted onto the galaxy via galaxy mergers from
t = t0 to t = tf , Mg,M(t), the total amount of gas accreted onto the galaxy from the
intergalactic medium i.e. with no corresponding increase in stellar mass from t = t0
to t = tf , Mg,A(t), as well as the amount of gas that is converted within the galaxy
into stars, − ∫ MSFR, and the amount of stellar mass that is returned to the interstellar
medium via stellar evolution, Mg,recy.
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Figure 3.12: Errors on the fractional contributions to the total stellar mass derived from a Monte
Carlo analysis. The stellar mass created via SF since z = 3.0 (red), the total stellar mass accreted
via all mergers since z = 3.0 (blue) and the in-situ stellar mass at z = 3.0 (black). The thin dotted
lines show the fractional contribution of the major mergers (purple) and minor mergers (blue).
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As we do not know the SFR of the galaxies that constitute the minor mergers we cannot
calculate the exact total cold gas mass added via minor mergers for these systems.
Utilising other studies, Conselice et al. (2013) calculated the average stellar mass to
cold gas mass ratio of all galaxies from M∗ = 1010.8M⊙ down to M∗ = 109.5M⊙ as
fg = 1.03. Using this information we calculate cold gas accretion needed across the
redshift range 0.3 < z < 3.0. We also know that cold gas can be ejected from the
galaxy in winds from stellar or AGN sources. We account for the stellar outflows by
assuming that the gas outflow rate is proportional to the SFR (e.g. Erb 2008,Weiner
et al. 2009, Bradshaw et al. 2013). Therefore we add an extra term to Equation 3.25 of
Mg,outflow which we set equal to MSFR. Therefore we modify Equation 3.24 to account
for this, and rearrange for Mg,A(t):
Mg,A(t) =Mg(t)−Mg(0)−Mg,M(t) + 2×
∫
MSFR −Mg,recy (3.25)
Figure 3.13 shows how the derived cold gas accretion rate changes with redshift. We
see that the cold gas accretion rate has been in decline since z = 2.5. At z = 2.5
the progenitors of massive galaxies were accretion cold gas with an average rate of
97 ± 49M⊙yr−1. From z = 2.0 the cold gas accretion rate has undergone a decline
to lower redshift (z = 0.3). In fact at z = 0.3 massive galaxies in the C-GaND
sample appear to have begun to have a negative gas accretion rate, Mg,A(z = 0.3) =
−4 ± 15M⊙yr−1. This is consistent with zero cold gas accretion, however negative
cold gas accretion rates could occur due to processes actively expelling gas from the
host galaxy such as AGN.
We compare this work with Conselice et al. (2013) which also constrained the cold
gas accretion rate within the redshift range of 1.5 < z < 3.0. They found that within
the redshift range of 1.5 < z < 3.0 massive galaxies (log(M∗) > 11.0M⊙) have
an average cold gas accretion rate of 96 ± 26M⊙yr−1. In the same redshift range
we find that the progenitors of the local massive galaxies have an average cold gas
accretion rate of 66± 32M⊙yr−1. When we take into account the differences between
the two works such as IMF and method of calculated SFR the two figures quoted
are in agreement. We also examined different methods of calculating the cold gas
outflow rate from massive galaxies (e.g. Weiner et al. 2009) and found that the cold
gas accretion rate derived using these methods are within the error of the method used
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here.
3.5 Summary
In this chapter we investigate the role of star formation as well as major and minor
mergers in relation to the total stellar mass growth of a constant number density se-
lected galaxy sample within the redshift range of 0.3 < z < 3.0. We use data from
the UKIDSS UDS DR8, a deep near infra-red survey covering ∼ 1 square degree. We
derive UV star formation rates for all the galaxies within this redshift range using SED
fitted rest frame UV photometry accounting for dust and old stellar populations.
We select the sample of massive galaxies using two number density methods; a con-
stant number density selection (C-GaND) and a major merger adjusted number density
selection (M-GaND). The major merger adjusted number density selection uses a se-
lection that changes with time due to the rate of major mergers that occur over the
redshift range studied. This selection traces the direct progenitor galaxies and the less
massive galaxies that will merge with the direct progenitor galaxies at higher redshift.
We use these selections to examine the average stellar mass growth of the progenitors
of the most massive galaxies from z = 3.0 to z = 0.3 and disentangle the contributions
of different processes of stellar mass growth.
First we test the contamination of selecting progenitor galaxies using number density
techniques using knowledge of the major merger rates and star formation histories.
Contamination arises from lower mass galaxies entering the sample at lower redshifts
via extreme star formation or high mass galaxies quenching and undergoing mergers.
We find that the average contamination rate per redshift bin is 20− 30%. We find that
number density techniques are a factor of 3 better at tracing progenitor than using a
constant stellar mass selection technique. Our major results are:
• Local massive galaxies, with logM∗ > 11.24M⊙, assemble 75 ± 9% of their
z = 0.3 total stellar mass between 0.3 < z < 3.0.
• Stellar mass created in star formation over the redshift range of 0.3 < z < 3.0
comprises 24 ± 8% of the total stellar mass of massive galaxies at z = 0.3.
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Figure 3.13: Cold gas accretion rate from the intergalactic medium of the C-GaND galaxy sam-
ple. Error bars denote the 1 sigma error on the cold gas accretion rate derived from Monte Carlo
methods.
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Examining the stellar mass contribution from total mergers between 0.3 < z <
3.0 we find that the stellar mass added via mergers comprises 51 ± 20% of the
total stellar mass of massive galaxies at z = 0.3. We also find that the star
formation history of the direct progenitors of the massive galaxies at z = 0.3
can be defined by a declining τ model with τ = 2.4± 0.6Gyr−1.
• Star formation is the dominant process of stellar mass growth with the progenitor
galaxies at z > 1.5.
• Total mergers (major and minor mergers combined) take over as the dominant
process of stellar mass growth at z < 1.5.
Using the M-GaND galaxy sample we separate the contributions of major and minor
mergers to the total stellar mass growth.
• We find that the minor merger rate of the progenitors of massive galaxies has
been increasing with time since z = 3.0 down to z = 0.3.
• Minor mergers become the dominant form of stellar mass growth in the progen-
itor galaxies at z ≤ 1.0.
• The contribution from all minor mergers between 0.3 < z < 3.0 is 34± 14% of
the z = 0.3 total galaxy stellar mass. All major mergers between 0.3 < z < 3.0
contribute 17± 15% of the z = 0.3 total galaxy stellar mass.
• Major mergers are not the dominant form of stellar mass growth in the progenitor
galaxies at any time between 0.3 < z < 3.0.
Using the merger rate, SFR and stellar mass growth information we also investigate the
cold gas accretion rate between 0.3 < z < 3.0. We use the global Schmidt-Kennicutt
relation combined with work from Conselice et al. (2013) to calculate the cold gas
mass content of the progenitor galaxies at each redshift.
• We find that the cold gas accretion rate of the progenitor galaxies at z = 3.0 is
97± 49M⊙yr−1.
• This cold gas accretion rate decreases with redshift until z = 0.3.
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To further this work large surveys such as the HSC survey and future telescopes such
as JWST, E-ELT and Euclid will provide better constrained stellar mass functions that
are required to explore these trends to a much higher precision.
Chapter 4
The Evolution of the Progenitors of
Local Massive Galaxies
4.1 Introduction
In the local Universe, the most massive galaxies (M∗ > 1011.24MM⊙) are a nearly
homogeneous population. They have early-type morphologies, red rest-frame optical
colours and low star formation rates (Bower, Lucey & Ellis 1992, Kauffmann et al.
2003, Gallazzi et al. 2005, Baldry et al. 2006, Conselice 2006b, Gru¨tzbauch et al.
2011, Ownsworth et al. 2012, Mortlock et al. 2013). How have massive galaxies
evolved over cosmic time to become this population?
Over the last few decades there has been much research into the evolution of massive
galaxies. These studies have shown that the more massive the galaxy is today, the ear-
lier its star formation must have started and subsided (e.g. Renzini 2006, van Dokkum
et al. 2010). This is often related to the process of “Downsizing”, in which the largest
objects seem to be in place and stop star forming first in an apparently anti-hierarchical
manner. In the introduction to this thesis we talk about the ways this process can be
reconciled with the ΛCDM, including longer merger time scales for massive dark mat-
ter haloes and the hot halo model of strangling a massive galaxy of star formation
fuel.
At high redshift, massive galaxies have been observed to be unlike their present day
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counterparts. The population displays evidence of being dominated by low Se´rsic
index, and having high star formation rates (e.g. Daddi et al. 2007, Buitrago et al.
2013, Mortlock et al. 2013).
Various theoretical galaxy evolution models (e.g. Faber et al. 2007) have suggested the
the formation of the local massive red sequence galaxies involves early mass assembly
and star formation, with the progenitors living on the blue cloud. This early assembly
is followed by quenching and dry merging which migrates the progenitors onto the red
sequence and grows them in size into the massive galaxies we see today.
However, many other studies that investigate the stellar mass functions of red sequence
galaxies from z = 1 to the present day show that the massive galaxies have not sig-
nificantly grown in stellar mass over this time (e.g. Cowie et al. 1996, Cimatti et al.
2008). Recent measurements of the stellar mass function of galaxies out to z = 4 (e.g.
Muzzin et al. 2013, Duncan et al. 2014) show evidence that massive galaxies exist at
very early cosmic times and their number densities evolve very little in the following
4Gyr from z = 4 to z = 1.
Although the stellar mass function of galaxies provides a way to measure the abun-
dance of a population and its overall growth as a function of time, it does not tell us
how individual galaxies have assembled and evolved. Ultimately, we would like to
be able to connect local massive “red and dead” galaxies to their progenitors at early
cosmic times and examine how they evolved and changed. Many studies have ex-
amined the properties of massive galaxies out into the distant universe using various
selection methods, However now using number density selection techniques we can
select a more complete and clean sample of the progenitors of local massive galaxies.
With this selection we can examine the evolutionary paths local massive galaxies have
travelled to become the homogeneous population we see today. With number density
selection methods we can begin to answer the questions of: Do massive galaxies form
in extreme star formation episodes in the early universe? At what cosmic epoch to they
stop forming stars? Do they evolve from the blue cloud to the red sequence? How has
their structure changed from high redshift?
Recent work has begun to investigate the evolution of the properties of massive galax-
ies using number density techniques (e.g. Papovich et al. 2011, Patel et al. 2013,
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Marchesini et al. 2014).Marchesini et al. (2014) showed using number density selec-
tions the progenitors of ultra massive galaxies (log(M∗)¿11.8) appear to have red U−V
colours and host large amounts of star formation (sSFR> 10−10 yr−1) at z > 3. There-
fore they find that the progenitors of ultra massive galaxies, including the star forming
objects, have never lived on the blue star-forming cloud in the last 11.4Gyr of cosmic
history. Thus suggesting an alternative path for the formation of massive galaxies than
proposed by Faber et al. (2007). However, is this true for lower stellar mass objects?
In this chapter we investigate the evolution with cosmic time of the progenitors of local
massive (log(M∗) > 11.24) galaxies from z = 3. The progenitors are selected using
a constant number density technique. The evolution of the progenitor population is
examined as a function of redshift. We investigate the evolution of their colours, stellar
masses, star formation rates, passivity and structural parameters over the redshift range
of 0.3 < z < 3.0.
Throughout this paper we assume ΩM = 0.3, Ωλ = 0.7 and H0 = 70 km s−1 Mpc−1.
AB magnitudes and a Chabrier IMF are used throughout.
4.2 Data and Analysis
4.2.1 The UDS
This work is based on the 8th data release (DR8) of the Ultra Deep Survey (UDS;
Almaini et al in prep.), which is the deepest of the UKIRT (United Kingdom Infra-Red
Telescope) Infra-Red Deep Sky Survey (UKIDSS; Lawrence et al. (2007)) projects. In
this chapter we use the photometric redshifts and stellar masses, colours, star formation
rates and structural parameters derived from ground based UDS data as described in
Section 3.2 in the previous chapter.
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4.3 Selection
4.3.1 Constant Galaxy Number Density
We define our galaxy sample in the same way as in the previous chapter, using a con-
stant galaxy number density selection (C-GaND). In this study we select and compare
galaxies at constant co-moving number density values of n = 1× 10−4Mpc−3, at red-
shifts 0.3 < z < 3. We then select our sample based on the integrated mass functions
of the UDS field over the redshift range of z = 0.3 to 3.0 from Mortlock et al (2014,
in prep). Using this selection technique we obtain a sample of the progenitors of the
local massive galaxies in which we can study the evolution of a variety of properties
across 11 billion years.
4.4 Results
4.4.1 Colour Evolution
The rest-frame U − V vs V − J diagram is a powerful tool to separate quiescent and
star forming galaxies. It has become commonly used due to its ability to distinguish
between truly quiescent objects and dust reddened systems (e.g. Williams et al. 2009).
Figure 4.1 shows the UV J diagram for the constant number density selected sample
in different redshift bins. The red box region plotted in Figure 4.1 is from Williams
et al. (2009) and denotes the passive galaxy selection (see Section 3.2.5.2 for full UV J
selection details). Red points show galaxies that are selected as passive and blue points
show galaxies that are selected as star forming. The large cross in each redshift plot
denotes the median value for the whole progenitor population within each redshift bin.
The greyscale shows the total population selected above the 95% stellar mass com-
pleteness limit stated in section 3.2 in the previous chapter. Many alternative methods
exist to separate a galaxy population into star forming and passive objects using broad-
band photometry e.g. g-r colour (Bell et al. 2003), u-r colour (Baldry et al. 2004),
U-B colour (Peng 2010) and BzK colours (Daddi et al. 2004) see Taylor et al. (2014)
for a comparison of these techniques. We use UV J colour selection in this chapter to
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Figure 4.1: Rest frame U −V versus V −J diagram in redshift bins between z = 0.3 and z = 3.0
of the C-GaND selected sample with n = 1×10−4Mpc−3. Red dashed line denotes UV J passive
selection. Red circles show the progenitors of massive galaxies that are selected as passive via
the UV J method. Blue circles show the progenitors of massive galaxies that are selected as star
forming via the UV J method and 24µm criteria (see Section 3.2.5.2). The black cross shows the
median colour and standard deviation for the progenitor sample in each redshift bin. Greyscale
shows total population selected above the 95% completeness limit within each redshift bin (see
Figure 3.3). The colour evolution tracks from Bruzual & Charlot (2003) SSP models are also
shown. The light blue line shows a constant star formation history with no dust and the yellow
line shows an exponentially declining star formation history with τ = 0.1Gyr. The open stars
represent that model colours at the specified ages, given in Gyr. The colour evolution tracks are
plotted up to the age of the Universe in each redshift bin.
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Figure 4.2: Similar to Figure 4.1 Rest frame U−V versus V −J diagram in redshift bins between
z = 0.3 and z = 3.0 of the C-GaND selected sample with n = 1× 10−4Mpc−3. Coloured circles
show the progenitors of massive galaxies with the colour representing the UV dust attenuation as
shown by the colour bar on the right hand side.
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compare to previous work.
Within the lowest redshift bin the massive galaxy population constitutes a homoge-
neous population with extremely red U − V colours with very little scatter. Moving to
higher redshifts the scatter increases and the population becomes more diverse in both
U − V and V − J colours. However, as this population diversifies towards higher red-
shifts we find that the median UV J colour remains at all redshifts within the passive
region. This indicates that the average progenitor of local massive galaxies have had
red rest frame colours since z = 3. Examining the individual systems we find that the
fraction of galaxies classified as passive via the UV J selection alone decreases from
100 ± 4% at z < 0.5 to 55 ± 8% at z > 2.5. This is slightly converse to the findings
of Marchesini et al. (2014), who find that the progenitors of the local ultra-massive
galaxies (with log(M∗/M⊙) = 11.8) have blue average rest frame colours and only
∼ 17% are selected as passive at z > 2.5.
Also in Figure 4.1 we have plotted the evolutionary tracks for the two colours from
Bruzual & Charlot (2003) single stellar population models. The light blue line is a
constant star formation history with no dust (CSFH) and the yellow is an exponentially
declining star formation history (DSFH) with τ = 0.1Gyr and zero dust attenuation.
From these models we find that at z < 0.5 the progenitors of local massive galaxies
harbour old (ages older than 5 Gyr) stellar populations. Examining the progenitors at
higher redshifts, the median UV J colours within the error is always consistent with
the DSFH showing that a large fraction of this population is passively evolving. If we
consider the effect of dust the average age of the stellar populations would decrease
with increasing dust attenuation. As we move to higher redshift the CSFH evolution
track with zero dust does not accurately trace the whole star forming population there-
fore this clearly indicates that the star forming progenitors contain significant amounts
of dust.
In Figure 4.2 we examine the dust extinction properties of the progenitor galaxy sam-
ple. In Figure 4.2 the progenitor galaxies are colour coded to represent their dust
extinction at 2800 A˚ (A2800) measured from the UV slope. The uniformity of the pas-
sive objects in Figure 4.2 arises from the method we used to derived the dust correction
for these objects (see section 3.2.5.2). Of the objects that are selected as star forming
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systems we find that at z > 1.5 there is a wide population of objects from dust poor
objects lying towards the bottom left hand corner to highly dust attenuated systems
lying towards the top right hand corner as expected for UV J colour selection. The
total star forming population at z > 1.5 has an average 2800(A˚) dust correction of 3.7
mag.
Of the dust poor objects we see a marked evolution over the redshift range of 1.5 <
z < 3.0, with these systems being abundant at z < 2.5, with 28 ± 4% of star forming
galaxies with V −J < 1.0, and decreasing towards z = 1.5, where only 6±2% of star
forming galaxies have V −J < 1.0. We also find that a small population, 10± 4% , of
the star forming progenitors show rest-frame U − V colours redder than the quiescent
progenitors and at z > 2.5 these objects span a wide range of rest frame colour values.
Examining the UV slope derived dust corrections for the star forming population we
find that the fraction of highly dust attenuated systems increases with redshift, similar
to the result before. 5 ± 3% of the star forming population at z = 3 have A2800 > 5
mag increasing to 14 ± 4 at z = 1.5. This is accompanied by a decrease in the low
dust attenuated systems, with 12 ± 3% of the star forming population with A2800 < 2
mag at z = 3 decreasing to 2 ± 2% at z = 1.5. This suggests that the star forming
progenitors at this redshift contain a wide range of dust and star formation properties
unlike their low redshift descendants (see also Whitaker et al. 2012a, Kaviraj et al.
2013). We explore this in more detail in relation to the stellar mass of these systems.
4.4.2 Evolution in Colour vs Stellar Mass
As highlighted in the previous section, the progenitors of local massive galaxies at
low redshift have similar colours, typical of quiescent and old stellar populations. As
we look towards higher redshifts, some of the progenitors become star forming. We
find that some of the star forming progenitors exhibit a wide range of U − V colours.
We examine this result in a different way in Figure 4.3 using the U − V rest frame
colour versus stellar mass. Figure 4.3 shows the star forming and quiescent samples
selected in the same way as in Figure 4.1. The red dashed line shows the 95% stellar
mass completeness limit within each redshift interval. The blue points show the star
forming progenitors with the median of this population represented by the black plus
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Figure 4.3: Stellar mass versus rest frame U − V colour for all galaxies selected via the C-GaND
selected sample with n = 1 × 10−4Mpc−3. The red circles show the progenitors of massive
galaxies that are selected as passive via the UV J method. The blue circles show the progenitors of
massive galaxies that are selected as star forming via the UV J method. The black ”X” shows the
median U − V colour for the passive population and the black plus sign shows the median U − V
colour for the star forming population. The greyscale shows the whole UDS galaxy sample within
each redshift bin. The red dashed line shows the 95% stellar mass completeness limit.
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Figure 4.4: Median Rest-frame U −V colour versus redshift of the C-GaND selected sample. The
black squares show the evolution of the median U − V colour of the whole progenitor population.
The red and the blue circles show the evolution of the median U −V colour of the passive and star
forming samples respectively. Also shown is the colour evolution tracks from Bruzual & Charlot
(2003) models. The black dashed lines show the colour evolution of a declining star formation
history and varying formation redshifts from the beginning of the Universe (Max) to Zform = 2.
The light blue dotted line shows the colour evolution of a constant star formation history and
Av = 2 mag of dust extinction. This level of dust extinction is equivalent to the average dust
correction of the star forming progenitors.
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sign. The red points show the quiescent progenitors with the median of this population
represented by the black X. The greyscale show the total galaxy population within each
redshift interval.
We find that the lowest redshift population of massive galaxy progenitors have very
small scatter in both colour (∼ 0.08 mag) and stellar mass, with the scatter increasing
to higher redshifts. However the median points for both the star forming and passive
population do not show a large evolution, with the median U − V colour of the star
forming progenitors increasing by 0.7±0.6 mag and the median colour for the passive
progenitors increasing by 0.5 ± 0.2 mag. Figure 4.3 demonstrates that the average
star forming progenitor has a similar optical colour as a passive progenitor at the same
redshift. Figure 4.3 also shows that the average star forming progenitor has not lived
in the blue star forming cloud at least since z = 3.0.
However, upon examining the population of star forming progenitors in more detail
we find, 27% at z = 3.0 display blue, U − V < 1.0, colours comparable to galaxies
living on the z = 3.0 blue cloud. Conversely, 24% of the star forming progenitors at
z = 3.0 also have extreme red, U − V > 2.0, colours. Of all the progenitor galaxies
z = 3.0 that have extreme red colours the star forming progenitor galaxies are more
numerous than passive UV J selected progenitors by a ratio of 3 : 1. The larger scatter
in U−V colours of the star forming progenitors is more pronounced than in the passive
progenitors i.e. 0.6 mag for star forming and 0.2 mag for passive at z = 3.0. The
evolution in scatter between low and high redshift shows that the local red sequence is
in the process of assembly between 0.3 < z < 3.0.
In Figure 4.4 we show how the median U−V colours for the total (black squares), star
forming (blue circles) and, passive (red circles) evolve with redshift. Also plotted are
the U −V colour evolution tracks derived from Bruzual & Charlot (2003) SSP models
with DSFH as shown in Figure 4.1 plotted in black dashed lines and one with CSFH
with Av = 2 mag of dust extinction, comparable to the average dust correction of the
star forming population, shown by the light blue dotted line. The tracks shown are of
varying formation redshift from the beginning of the Universe (Max) to Zform = 2. The
total population progenitors show a gradual evolution in their U − V colours towards
redder colours at lower redshifts, indicative of an ageing stellar population that formed
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at, from the evolution tracks, redshifts of z > 4. Dividing the population into star
forming and passive we find that the passive population follow the passively evolving
colour tracks with hints that they may have stopped actively forming stars by z = 5.
The effect of increasing dust extinction would be to decrease the formation redshift.
While the star forming population appears to be following the declining star formation
history colour evolution tracks, they are also consistent with the dust reddened con-
stant star formation history colour evolution track. However, from Figure 4.1 we see
that they are not consistent with the DSFH when examined in combination with other
colours.
This result hints that this population has formed the majority of their z = 3 stellar
mass (on average logM∗ = 10.85) within the first Gyr of cosmic time. Is this plausible
given our knowledge of the global cosmic star formation history? If we assume these
objects formed their z = 3 stellar masses over the redshift range 5 < z < 9 (∼ 0.6
Gyr) via star formation, the average SFR this implies is 114M⊙yr−1. Incorporating
the number density of the progenitor galaxies, n = 1 × 10−4Mpc−3, gives a SFR
density of these objects of ρSFR,progenitors = 0.01M⊙yr−1Mpc−3. From various works
(e.g. Duncan et al. 2014, McLure et al. 2013) the global cosmic SFR density over
the redshift range 5 < z < 9 varies from ρSFR,cosmic = 0.05 ± 0.03M⊙yr−1Mpc−3
at z = 5 to ρSFR,cosmic = 0.02 ± 0.06M⊙yr−1Mpc−3 at z = 9. As the global cosmic
SFR density is larger than the SFR density inferred for the progenitor galaxies, it is
therefore possible for these objects to form via star formation within the first Gyr of
cosmic time.
4.4.3 Star Formation History
Using our knowledge from the previous sections we now examine how and when the
progenitors of the local massive galaxies became the quiescent objects we see today.
Figure 4.5 shows the average specific star formation rate (sSFR, SFR/M∗) of the total,
star forming and, passive progenitor galaxies have evolved from z = 3.0. The blue
circles show the median sSFR of the UV J selected star forming progenitor galaxies,
the red circles show the median sSFR of the UV J selected passive progenitor galaxies
and, the black squares show how the median sSFR of the whole population evolves
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Figure 4.5: sSFR versus redshift for all galaxies selected via the C-GaND selected sample with
n = 1 × 10−4Mpc−3. Black squares show the evolution of the whole population. Red circles
show galaxies that are selected as passive via the UV J method. Blue circles show galaxies that
are selected as star forming via the UV J method. The dot-dashed line represents a stellar mass
doubling time equal to the age of the universe at z = 0. The dashed line represents a stellar mass
doubling time equal to the age of the universe at z. The solid red, blue and black lines show the best
fit exponentially declining star formation histories for the passive, star forming and total progenitor
population respectively. The errors of the fractions are derived from Monte Carlo analysis.
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Figure 4.6: Histograms of the sSFRs of the UV J defined passive and star forming progenitor
galaxies over the redshift range 0.3 < z < 3.0 split into six redshift bins. The red histogram shows
the sSFRs of the progenitors of local massive galaxies that are defined as passive via UV J colour
selection and blue shows those that are classified as star forming. Both the passive and star forming
histograms are normalised to the number of objects in each selection.
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Figure 4.7: Star formation density versus redshift for all galaxies selected via the C-GaND selected
sample with n = 1 × 10−4Mpc−3. The black squares show the evolution of the whole galaxy
sample and red and blue circles show the evolution of the star formation density of the passive and
star forming populations selected vis UV J colours. The errors of the densities are derived from
Monte Carlo analysis. The dotted line shows the global star formation history from Hopkins &
Beacom (2006) modified by −1.5 dex for clarity. The solid black line represents the best fit to the
star formation density evolution of the total progenitor galaxy population.
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across this redshift range. Also shown in Figure 4.5 are lines denoting different stellar
mass doubling times, i.e. the time it to takes for ongoing SFR to double the stellar mass
of a given galaxy. The dot-dashed line denotes a doubling time equal to the age of the
Universe at z = 0, a passivity selection made in the local Universe. The dashed line
shows a doubling time equal to the age of the Universe at z. We note that the doubling
time equal to the age of the Universe at z appears to be a good dividing line between
UV J passive and star forming systems. We find that the evolution of the sSFRs of
the passive progenitor galaxies is more apparent than for star forming systems. The
passive progenitor galaxies median sSFR decreases with redshift by 1.5 ± 0.3 dex
from z = 3.0. The star forming progenitor galaxies median sSFR also decreases over
the same time interval by only 0.8 ± 0.4 dex. If we examine the divide between the
two populations, at low redshifts the difference in sSFR is more pronounced than at
higher redshifts, with ∆sSFR = 1.2 ± 0.2 dex at z = 0.3 and ∆sSFR = 0.5 ± 0.4
dex at z = 3.0. We quantify the sSFR histories of the progenitor galaxies by fitting an
exponentially declining model of the form:
sSFR(t) = sSFR0 × exp(−t/τ) (4.1)
with τ = 1.9 ± 0.8 Gyr for the total progenitor galaxy population, τ = 2.1 ± 0.4 Gyr
for the passive objects and τ = 4.7 ± 0.5 Gyr for the star forming objects. The larger
value of τ for the star forming sample, compared to the passive objects, is as expected
for a star forming population.
Using our knowledge of the sSFRs of the progenitor galaxies in Figure 4.6 we examine
validity of the UV J colour selection. Figure 4.6 shows the normalised histograms of
the passive and star forming populations as defined via the UV J colour selections
across the redshift range we study. We find that both populations appear to be single
peaked distributions across the redshift range studied with increasing overlap towards
higher redshifts. Therefore, due to the lack of a sSFR bimodality signature in the
histograms of both populations at all redshifts the UV J colour selection appears to be
an effective measure in separating the two populations.
We also examine the evolution of the SFR density of the progenitors of local massive
galaxies. Figure 4.7 shows the evolution of the SFR density with redshift. The black
squares show the evolution of the total progenitor population and the red and blue
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circles show the passive and star forming objects respectively. Also shown in Figure
4.7 is the global SFR history (SFH) from Hopkins & Beacom (2006) with the form of
Cole et al. (2001), ρ(t) = (a + bz)h/(1 + (z/c)d) with a = 0.017, b = 0.13, c = 3.3,
d = 5.3. The solid black line shows the best fit to the total progenitor population with
the same form as the global SFH. We do not fit the SFR density evolution of the passive
and star forming populations as their evolution is driven by their individual abundances
as well as their star formation history. Therefore, the evolution of the passive and star
forming SFR densities will not trace the same objects at all redshifts. We find that
the progenitors of local massive galaxies appear to undergo a sharper decrease in their
SFR density than the global galaxy population SFH. They also show evidence that their
SFH peaks at a higher redshift than the global galaxy population SFH. Both of theses
findings are evidence for the downsizing scenario of galaxy formation.
4.4.4 Passive Fraction Evolution
In Figure 4.8 we show evolution of the UV J defined passive fraction of the progenitors
of local massive galaxies. The black circles shows the fraction of galaxies that are
selected as passive via this work. The black dashed line is the best fit to the fraction
with the form:
Fpassive = 1.0− 0.02× e1.2×z (4.2)
We find that the passive fraction of progenitor galaxies undergoes a significant evolu-
tion over the redshift range of 0.3 < z < 3.0. Within our lowest redshift bin 94±8% of
the progenitor galaxies are passive, much like their local universe descendants. In our
highest redshift bin 57 ± 7% of the progenitor galaxies are passive. This implies that
over half of the progenitors of todays massive galaxies had already stopped actively
star forming by z = 3.0.
The observed weakening of the colour-density relation at z > 2 (e.g. Chuter et al.
2011, Gru¨tzbauch et al. 2011) implies that the environments of galaxies have not
been fully established at high redshift. Therefore, the role of environmental quench-
ing mechanisms, such as ram pressure stripping, may not play a dominant role in the
quenching of the progenitors of local massive galaxies at early cosmic times. The re-
sult that we present here shows that a large fraction of galaxies are already passive by
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Figure 4.8: Passive fraction of the C-GaND selected sample with n = 1×10−4Mpc−3 vs redshift.
Black circles denote the fraction of galaxies selected as passive via the UVJ method. The black
dashed line is the best fit to the passive fractions with the equation: Fpassive = 1.0 − 0.025 ∗
EXP(1.2 ∗ z). The errors of the fractions are derived from Monte Carlo analysis.
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Table 4.1: C-GaND average galaxy effective radius. Local ETG size derived from Shen et al.
(2003) at the same stellar mass.
z Average size (kpc) Local ETG size/Average size
0.3− 0.5 6.7± 1.1 1.2±+0.2−0.2
0.5− 1.0 5.6± 1.0 1.4±+0.3−0.2
1.0− 1.5 3.8± 0.9 1.8±+0.5−0.3
1.5− 2.0 3.2± 0.9 1.7±+0.7−0.4
2.0− 2.5 2.9± 0.9 1.6±+0.8−0.4
2.5− 3.0 2.5± 0.9 1.6±+0.9−0.4
z = 3.0 and implies that internal quenching mechanisms, such as the hot halo model,
could be responsible.
4.4.5 Structural Parameter Evolution
In this section we investigate various structural parameter properties and their evolution
over time of the progenitors of local massive galaxies using number density selection
techniques.
4.4.5.1 Galaxy Size
Many papers examining the sizes of high redshift massive galaxies have found that on
average their sizes are smaller, by a factor of between 2− 4, than present day galaxies
of equal mass (e.g.Daddi et al. 2005, Trujillo et al. 2007, Buitrago et al. 2008, Cimatti
et al. 2008, van Dokkum et al. 2008, 2010, Franx et al. 2008, van der Wel et al. 2008,
Damjanov et al. 2009, Carrasco, Conselice & Trujillo 2010, Newman et al. 2010,
Szomoru et al. 2011, Weinzirl et al. 2011, Lani et al. 2013). This size evolution has
been found to be most pronounced when linking high redshift passive massive galaxies
to the passive massive galaxies in the local universe. This observed size evolution could
be produced through various processes such as AGN feedback (e.g. Fan et al. 2008),
mergers (e.g. Khochfar & Silk 2006), and star formation (e.g. Dekel, Sari & Ceverino
2009, Ownsworth et al. 2012, Ownsworth et al. 2014). Another possible suggestion
is that there is an inherent bias in the selection methods used in previous works that
could enhance apparent observable size growth. It has been suggested that number
density selection techniques could be a solution to this problem (e.g. Poggianti et al.
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Figure 4.9: Galaxy size (effective radius) versus total stellar mass for the progenitor galaxy sample.
The black line denotes the local early type galaxy relation modified from Shen et al. (2003). Within
each redshift bin are plotted all the galaxies that reside within that redshift range (small circles) and
the average stellar mass and size (large circle) with errors derived from Monte Carlo analysis within
each redshift bin.
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2013). For example van Dokkum et al. (2010) investigated the size evolution within a
constant number density selection over the range 0 < z < 2, finding that the average
galaxy size still increases by a factor of four.
Most of these studies have examined size evolution using a cut in galaxy stellar mass in
order to link galaxies across redshift. This method does not account for the stellar mass
growth of galaxies that are below the stellar mass selection cut at high redshift. The
number density selection techniques employed in this chapter compensates for this,
and can give us a cleaner sample of the progenitors of local massive galaxies. Using
this sample of progenitor galaxies we can examine the size evolution in a more robust
way.
Using the direct progenitor galaxy sample we investigate the evolution of the sizes of
the progenitors of massive galaxies from z = 3.0 to z = 0.3. We do this by applying
no passivity or morphological selection criteria to the sample and measure the size
evolution of all the progenitor galaxies. As shown from this work a large fraction of
the progenitors of local massive galaxies are highly star forming at high redshift and
also appear to undergo a morphological change from disk-like to spheroid-like systems
within the redshift range studied (Buitrago et al. 2013, Mortlock et al. 2013).
Figure 4.9 shows the effective radius versus total stellar mass of the whole progenitor
galaxy sample split up into six redshift bins. In each bin we plot the galaxies that lie
within the bin (small circles) and the average of the sample in both stellar mass and
size (large circle with error bars). The solid back line denotes the local early type
galaxy relation modified from Shen et al. (2003). We compare the average galaxy size
at each redshift to the local early type galaxy relation. We do this as the majority of the
most massive galaxies lie on this relation in the local universe. When we compare the
average points in each redshift bin to the local relation we find that all the progenitor
galaxies are smaller than equal mass early type galaxies in the local universe, ranging
from a factor of 1.8 to 1.2 over the redshift range studied.
Table 4.1 lists the average sizes of the progenitor galaxies and the ratio of the local size
of an early type galaxy of the same stellar mass to the average size in each redshift bin.
This would seem to be in disagreement with van Dokkum et al. (2010), however this
could be due to differences between the selection techniques used. We find that the
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size evolution of a galaxy sample selected this way is on average slightly lower than
the findings of other investigations into the size evolution of massive galaxies which
have found that they grow in size by a factor of 2 − 4 from redshift z = 3.0 to the
present day.
4.4.5.2 Se´rsic Index
The present day massive galaxy population is dominated by objects with early-type
morphologies and high Se´rsic indices (e.g. Baldry et al. 2004, Conselice 2006b,
Buitrago et al. 2013). Examining similar stellar mass objects at z > 2 studies have
found this not to be the case (Mortlock et al. 2013, Buitrago et al. 2013, Bruce et al.
2014). However, this has not been examined using a number density selected sample.
In Figure 4.10 (a) we show the evolution of the Se´rsic indices of the progenitors of
local massive galaxies. The progenitor galaxies have been split into high and low
Se´rsic index systems with a dividing line at n = 2.5. The value of n = 2.5 has
been used in many studies as a quantitative way to segregate between early and late
type galaxies, with early type galaxies having n > 2.5 (e.g. Shen et al. 2003, Barden
et al. 2005, McIntosh et al. 2005, Buitrago et al. 2013). The fraction of progenitors
with high Se´rsic indices is represented by green rectangles and the fraction with low
Se´rsic indices is represented by black circles. Figure 4.10 (a) clearly indicates that
the fraction of the progenitors of local massive galaxies with lower Se´rsic indices has
greatly increased with redshift, eith 8± 5% of the progenitor galaxies at z = 0.3 with
low Se´rsic indices increasing to 65± 7% at z = 3.
If we take the assumption that objects with low Se´rsic indices have a disk-like, late-
type morphology this result implies that the progenitor galaxies at high redshift are
mostly disky galaxies. However, this assumption breaks down if we consider the effect
of galaxies with disturbed and irregular morphologies. Both Buitrago et al. (2013) and
Mortlock et al. (2013) showed that galaxies at high redshift with low Se´rsic indices
also display disturbed morphologies when examined using visual classification. These
studies also showed that the number of galaxies with disturbed visual morphologies
increases dramatically with redshift, with ∼ 40% of massive galaxies showing a dis-
turbed morphology at z = 3. This increase in the number of galaxies with disturbed
morphologies could be linked to the increase in the importance of major mergers with
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(a)
(b)
Figure 4.10: Fraction of the progenitors of local massive galaxies with high (n > 2.5) and low
(n < 2.5) Se´rsic indices. Figure (a) show the evolution of the whole progenitor sample with, green
rectangles showing the fraction of progenitors with low Se´rsic index and, black circles showing
progenitors with high Se´rsic light profiles as a function of redshift. Error bars are derived using
Monte Carlo analysis. Figure (b) shows the high and low Se´rsic populations split into star forming
and passive systems.
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redshift as explored in the previous chapter. Therefore, using just the Se´rsic profile
information we cannot determine if the progenitor galaxy population we present here
are true disk or, disturbed galaxies. Using methods that examine the asymmetry in
systems (e.g. CAS Conselice 2006a) could help disentangle disturbed from true disk
galaxies at high redshift (see Mortlock et al. 2013 for more discussion).
Also from Figure 4.10 (a) we find that the redshift where the progenitor galaxies tran-
sition into the high Se´rsic index dominated population we see in the local Universe is
between 1.5 < z < 2.0. This is in agreement with previous studies that have examined
the morphological change of galaxies with similar stellar masses as our sample (e.g.
Mortlock et al. 2013).
We further divide the high and low Se´rsic progenitor samples into star forming and
passive systems using our UVJ selection and present the results in Figure 4.10 (b).
This figure shows the clear dominance at z < 1.7 of the passive high Se´rsic index
systems that we associate with massive galaxies in the local Universe. The population
of high Se´rsic index galaxies is, at all redshifts examined in this study, dominated by
the passive population. The star forming high Se´rsic index systems are most abun-
dant at z = 3.0 however, only constitute 9 ± 3% of the total progenitor population.
Examining the low Se´rsic index systems we find that these objects are dominated at
almost all redshifts by passive systems much like the high Se´rsic index population. At
z = 3.0, 41 ± 4% of the progenitor galaxies are passive and have low Se´rsic indices
and 23 ± 3% of the progenitor galaxies are star forming and have low Se´rsic indices.
This result implies that passive low Se´rsic index systems out number star forming low
Se´rsic index systems by nearly a factor of two within the progenitor massive galaxy
population. This result is surprising as the morphologies that constitute the low Se´rsic
index population are generally thought to be star forming. However, this result is in
agreement with recent work by Bruce et al. (2014) using two component light profile
fitting which has shown that a large fraction, ∼ 38% of passive massive galaxies at
z > 1.5 are disk-like dominated systems.
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4.5 Summary
In this chapter we present a study of the evolution of a constant number density se-
lected sample of the progenitors of today’s massive galaxies over the redshift range of
0.3 < z < 3.0. We examine the evolution of the properties of galaxy colour, location
on the colour-stellar mass diagram, passivity and, structural parameters. We find the
following:
• We find that the average U − V and V − J colours of the progenitors of local
massive galaxies have been located within the UVJ defined passive region since
at least z = 3.0. However the progenitors that are classified as star forming
have a large scatter in both colours and in some case show redder colours than
the passive galaxies at the same epoch. If we examine these galaxies using the
colour-stellar mass diagram we also find that the average progenitor of local
massive galaxies has not lived on the blue cloud since z = 3.0. Using stellar
population models we find that the passive progenitor galaxies have old stellar
ages (age > 5 Gyr) and appear to show hints that they have been passively
evolving since z = 5.
• We examine how the the progenitor population becomes the passive population
we see today over this redshift range. We find that the passive fraction of the
progenitor galaxies undergoes significant evolution from z = 3.0, increasing
from 56 ± 7% at z = 3.0 to 94 ± 8% at z = 0.3. This implies that over half of
the population of the progenitors of local massive galaxies have already stopped
forming stars by z = 3.0. Also the star formation density of the progenitors
shows signs of galaxy formation downsizing.
• We also investigate the size evolution of the constant number density selected
sample using no passivity cuts and find that the sizes of the progenitors of mas-
sive galaxies range from a factor of 1.8 to 1.2 smaller than local early type galax-
ies of similar mass over the redshift range studied. This is smaller than previous
studies have found, quoting size evolution factors of two to four.
• The morphological evolution of the progenitor galaxies is also probed using the
evolution of the Se´rsic indices within the sample. We find that these galaxies
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are dominated at high redshifts by low Se´rsic index (n < 2.5) light profiles
and evolve to be come high Se´rsic index (n > 2.5) dominated objects by z =
1.7. We further split the high and low Se´rsic populations into star forming and
passive systems. We find that passive high Se´rsic index systems are the most
abundant objects at z < 1.7, equivalent to their descendants at low redshift.
There exists a small population of star forming high Se´rsic index objects at high
redshift but they rapidly decrease towards low redshift. We also find that 41±4%
of the population within the highest redshift bin are passive low Se´rsic index
objects. This could imply that a significant proportion of the progenitor galaxies
were passive disk-like systems at early times. However, this low Se´rsic index
trend could be being driven by the increase in the abundance of morphologically
disturbed systems at higher redshifts.
To further this work large surveys such as the Hyper Supreme-Cam survey and future
telescopes such as JWST, E-ELT and Euclid will be able to push these trends out to
higher redshifts and be able to investigate the full history of local massive galaxies.
Chapter 5
Conclusions
At the beginning of this thesis we highlighted some of the open questions in astron-
omy. This thesis aimed to address some of these questions. In this chapter, we will
summarise and discuss what we can conclude from this work about the evolution of
massive galaxies.
5.1 Structural Evolution
In Chapters 2 and 4 we investigate the evolution of the structural parameters of massive
galaxies.
5.1.1 Size
We show that the star formation distribution we observe at high redshift within massive
galaxies, and its effects on galaxy light profiles, is not large enough to fully explain
the observed galaxy size growth. The in-situ star formation distribution observed in
these galaxies can only produce a small increase in the average effective radius. This
increase can vary by using different evolution mechanisms, but is always insufficient
to fully explain the observed evolution.
To further investigate this we explore the effect of stellar migration on the stellar mass
profiles of massive galaxies, and find that this effect can increase the total effective
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radius growth. However, this result is still unable to account for the total observed size
evolution over the same epoch. From this we conclude that, due to the lack of sufficient
size growth by star formation and stellar migration, other mechanisms must also be at
work to account for the observed structural evolution from z > 1 to the present day.
In Chapter 4, we investigate the size evolution of the constant number density selected
sample and find that the size evolution of the progenitors of massive galaxies is less
pronounced than previous studies have found. This hints that the observed size evo-
lution might not be as extreme as previously reported. Although the size evolution
of massive galaxies might be milder, the contribution from star formation and stellar
migration is still not large enough to reproduce the result.
5.1.2 Se´rsic index
In Chapter 2, we explored the effect in-situ star formation has on the shape of mas-
sive galaxy light profiles. We find that the Se´rsic index of the galaxy light profiles
is marginally affected by the in-situ star formation, and that on average n decreases
with redshift. This indicates that the star formation distribution present within massive
galaxies at high redshift must follow a similar radial distribution as the stellar mass
at high redshift. This also implies that star formation evolution has a minimal effect
on structural evolution of massive galaxies between z = 3 and the present day. How-
ever, in Chapter 4 the full morphological evolution of the progenitors of local massive
galaxies is probed using the evolution of the Se´rsic indices within a constant number
density selected sample. We find that the progenitor galaxies are dominated at high
redshifts by low Se´rsic index (n < 2.5) light profiles and evolve to become high Se´rsic
index (n > 2.5) dominated objects by z ≃ 1.7. Therefore, we must conclude similarly
to the previous section, that star formation cannot fully reproduce the observed change
in the profiles of massive galaxies from z = 3 to the local universe.
To further investigate this evolution in Chapter 4 we split the high and low Se´rsic
populations into star forming and passive systems. We find that passive high Se´rsic
index systems are the most abundant objects within the progenitor galaxy sample at
z . 1.7. This shows that the local massive galaxies already resemble their massive
galaxy descendants at low redshift by z ≃ 1.7. There also exists a small population
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of star forming high Se´rsic index objects at high redshift but their number rapidly
decrease towards low redshift. We also find that a large fraction of the population
within our highest redshift bin are passive low Se´rsic index objects. This could imply
that a significant proportion of the progenitor galaxies were passive disk-like systems
at early times. However, this low Se´rsic index trend could be driven by the increase in
the abundance of morphologically disturbed systems at higher redshifts as shown by
previous studies.
5.2 Stellar Mass Evolution
In Chapter 3 we investigate the roles of star formation, major, and minor mergers in
relation to the total stellar mass growth of a constant number density selected galaxy
sample within the redshift range of 0.3 < z < 3.0.
We find that massive galaxies in the local universe assemble the majority of their total
present day stellar mass between 0.3 < z < 3.0. This stellar mass is built up mainly
through merger events. More precisely, over half of the total stellar mass of massive
galaxies at z = 0.3 arises from merger events and a quarter arises from star formation
between 0.3 < z < 3.0. This result implies that at least half of the total stellar mass of
local massive galaxies is formed externally and then accreted at later times.
5.2.1 Merger Rates
Using previous research in the major merger rates of massive galaxies in the high
redshift universe, we disentangle the two merger processes of major and minor mergers
to the total stellar mass growth. From this we find that the minor merger rate of the
progenitors of local massive galaxies has been increasing with time since z = 3.0.
Minor mergers from z = 3.0 contribute 34% of the total stellar mass of local massive
galaxies whereas, major mergers only contribute 17%. This is converse to what other
studies have implied, finding that major mergers could be the main contributor to the
stellar mass growth of massive galaxies over this redshift range. We examine the two
merger rates across the redshift range of 0.3 < z < 3.0. We find that minor mergers are
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the dominant form of stellar mass growth at z < 1.0 and, major mergers are at no point
the dominant form of stellar mass growth between 0.3 < z < 3.0. This is due to the
increasing importance of the stellar mass added via star formation as we look back in
time, which is the dominant form of stellar mass growth for the progenitors of massive
galaxies at z > 2. This is important from the perspective of the size growth examined
earlier as minor mergers are the current favoured mechanism to explain galaxy size
evolution.
From these results we explored the implications of the stellar mass growth on the cold
gas accretion rate. We use the global Schimidt-Kennicutt relation to show that the cold
gas accretion history of the progenitor galaxies decreases with cosmic time from an
high average cold gas accretion rate of at z = 3.0 to negative accretion rates in the
lowest redshifts investigated. This negative accretion is consistent with zero cold gas
accretion, however negative cold gas accretion rates could due to processes actively
expelling gas from the host galaxy such as AGN.
5.3 Colour Evolution
In Chapter 4 we explore the evolution of the properties of a constant number density
selected sample of the progenitors of today’s massive galaxies over the redshift range
of 0.3 < z < 3.0.
We find that the average progenitor of local massive galaxies have U − V and V − J
colours consistent with them being passive since at least z = 3.0. This result can also
be seen if we examine the passive fraction of the sample and find over half are passive at
z = 3.0, increasing towards lower redshifts. Therefore, the majority of the progenitors
of local massive galaxies must have undergone some form of quenching at z > 3.0. If
we examine the progenitor galaxies using the colour-stellar mass diagram we also find
that the average progenitor of local massive galaxies has not lived on the blue cloud
since z = 3.0. This suggests that massive galaxies must form quickly in the early
Universe. With the observed weakening of environmental signatures towards higher
redshifts, this result could imply that that internal quenching mechanisms, such as the
hot halo model or AGN feedback, could be responsible for quenching the progenitors
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of local massive galaxies at early cosmic times.
Splitting the progenitor galaxy sample into passive and star forming using their UV J
colours we still find the same results with both populations. However, a small fraction
of the star forming progenitors do show colours consistent with objects on the blue
cloud within the same redshift interval. There also exists a population of star forming
progenitors that exhibit redder U − V colours than the passive progenitor population.
This hints that the star forming progenitors of local massive galaxies at high redshift
have a wide range of dust, star formation and stellar population properties, unlike their
low redshift descendants. This indicates that a wide range of the properties of local
massive galaxies must under go drastic evolution over the last 11 billion years.
5.4 Future Work
Needless to say, this work needs to be extended to earlier cosmic times to investigate
the properties of the progenitors at z > 3. With astronomy entering an era where deep,
large volume extragalactic surveys are routinely obtained, these trends can begin to
be probed at even earlier cosmic times. Several studies have already given us hints
at how galaxies form and evolve in the early universe (e.g. Papovich et al. 2011,
McLure et al. 2013, Bowler et al. 2014, Duncan et al. 2014 Submitted) allowing us to
begin to explore the stellar mass growth and star formation rates of massive galaxies
at early cosmic times. With these and future studies the galaxy number statistics at
high redshift are constantly increasing thus making it possible to further examine and
constrain the galaxy evolutionary paths. This will be greatly enhanced by the next
generation of ground and space based telescopes, such as the JWST.
With the advent of Integral Field Units (IFUs) and adaptive optics on large ground
based telescopes we can begin to observe the internal kinematics of galaxies. The
data IFUs provide can measure the rotational and the velocity dispersion support for
a galaxy, and thus provide us information on both baryonic and dark matter compo-
nents, as well as the presence of rotation. This allows us to address the question of
how morphology and galaxy assembly are linked. In the low redshift universe large
IFU surveys such as the SAURON survey (de Zeeuw et al. 2002) and the ATLAS 3D
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survey (Cappellari et al. 2011) have opened a new perspective on the kinematics of
local massive galaxies, with a significant fraction of early-type galaxies found to host
large angular momentum supported disk-like components (e.g. Krajnovic´ et al. 2013).
Could this be a link to their high redshift progenitors that, in Chapter 4, we find appear
to have low Se´rsic indices? The future of IFUs on large current and future telescopes,
such as HARMONI on the E-ELT, will allow for deep observations of multiple high
redshift objects and begin to answer these questions.
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